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Chapter 1 – Introduction 
 
The basic principle of plate tectonics and its relationship to volcanism is common knowledge yet 
in order to better understand in details one must consider the upper mantle as the origin and 
driving mechanism of these processes.  One of the most accurate ways to describe the chemical 
and rheological state of the upper mantle is studying upper mantle peridotites as xenoliths, 
Alpine-type peridotites or obducted ophiolites.  Peridotite xenoliths that were brought to the 
surface by mainly mafic melts provide direct information on the physico-chemical nature of the 
mantle region in which the xenoliths were sampled.  Whilst the geochemical characteristics 
provide information particularly on the depletion and enrichment processes of the (upper) 
mantle, the textural and fabric analysis is used to describe its physico-mechanical (e.g. 
deformation) state and evolution.  In the last few years, besides traditional textural 
characterization (e.g. grain size and boundary) and geochemical study of the peridotites (e.g. major 
and trace element composition, stable and radiogenic isotopic ratios), their crystallographic 
preferred orientation (CPO) analysis came to the foreground (e.g. Zhang & Karato, 1995, Karato 
et al., 1998, Tommasi et al., 1999, Tommasi et al., 2000, Zhang et al., 2000).  Behind the 
understanding of the basics of how the mantle deforms, ultimately, fabric analysis allows to 
interpret seismic signals and improve large scale models of mantle convection (e.g. Mainprice & 
Silver, 1993, Karato et al., 2008 and references therein).  Nevertheless, studies dealing with 
geochemical problems compiled with fabric analysis are rare (Bali et al., 2007, Falus et al., 2008). 
Silicate melt inclusions found in peridotitic (and other ultramafic) xenoliths are also widely 
studied (e.g. Belkin & De Vivo, 1989, Schiano et al., 1992, Schiano & Clocchiatti, 1994, Szabó et 
al., 1996, Schiano et al., 2000) as they provide valuable information on melt/fluid percolation 
related to metasomatic processes that are associated with transporting and concentrating 
incompatible elements and volatiles in the mantle, thus significantly changing the chemical 
composition of the upper mantle.  The most important conclusion of melt inclusion studies in 
mantle xenoliths is that they may preserve the original composition of mantle melts that were 
entrapped at mantle pressures and temperatures.  The large elastic modulus of the host minerals 
may prevent the inclusions from undergoing low pressure chemical re-equilibration during 
decompression and ascent to the surface (Schiano & Bourdon, 1999), although some 
experimental studies have documented the rapid diffusion of certain (trace) elements through 
common mantle host minerals, such as olivine (e.g. Danyushevsky et al., 2000, Gaetani & Watson, 
2000, Danyushevsky et al., 2002, Gaetani & Watson, 2002, Danyushevsky et al., 2004, Spandler et 
al., 2007, Watson & Baxter, 2007, Thomas et al., 2008).  Similar to melt inclusions, fluid inclusions 
in mantle xenoliths have also been the subject of numerous studies, because they represent high 
density, mostly CO2 -rich fluids that were present in the mantle (e.g. de Vivo et al., 1988, Török & 
de Vivo, 1995, Szabó & Bodnar, 1996, Frezzotti, 2001).  Fluid inclusions in mantle xenoliths are 
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sometimes associated with melt inclusions (Roedder, 1984, Frezzotti et al., 1991), suggesting that 
carbonic fluids are common in the mantle and in mantle derived materials.  Experimental studies 
show that the solubility of carbonic fluid in silicate melts is lower than that of H2O (Holloway, 
1976, Liu et al., 2005, Botcharnikov et al., 2006), which often results in the separation of CO2-
dominated fluids from the melt early in the immiscibility process.  Volatile (=fluid) - melt 
immiscibility has been studied extensively in several different geologic environments (e.g. 
Roedder & Coombs, 1967, Roedder, 1984, 1992, Klein-BenDavid et al., 2007), including 
ultramafic-mafic systems (e.g. Roedder, 1965, Andersen & Neumann, 2001) and in more silicic 
magmas (e.g. Roedder & Coombs, 1967, de Vivo & Frezzotti, 1994, Frezzotti et al., 1994, Cesare et 
al., 2007, Zajacz et al., 2008).  Fluid inclusions entrapped at mantle conditions are usually CO2-
dominated, and additional fluid components, especially H2O, are rarely recognized (e.g. Török & 
de Vivo, 1995, Szabó & Bodnar, 1996, Metrich et al., 1999, Guilhaumou et al., 2005, Frezzotti & 
Peccerillo, 2007), despite the fact that other evidence suggests that H2O [the term H2O, if 
otherwise not indicated, hereafter refers to molecular water (H2O) and/or hydroxyl (OH-) 
regardless of the speciation and hydrogen (H+)] is relatively common in the upper mantle.  For 
example, metasomatic hydrous phases (mostly amphiboles and micas) and nominally anhydrous 
minerals (NAMs) containing hundreds of ppm of H2O in their structure attest to the presence of 
H2O in this environment (Bell & Rossman, 1992b, a, Libowitzky & Beran, 2006, Grant et al., 
2007).  Surprisingly, direct evidence for the presence of fluid H2O in fluid inclusions of mantle 
peridotites is rarely reported (Roedder, 1965, Trial et al., 1984). 
This inspired us to gain additional information on such well-known and widely inferred processes 
as deformation and metasomatism of the upper mantle, as well as melt-volatile immiscibility at 
high PT conditions.  For such purposes, two peridotite xenolith series became available from the 
sub-continental lithospheric mantle of the Carpathian-Pannonian region and that of the Jeju 
Island showing clear evidences for either metasomatism with melt percolation or deformation, or 
both.  The Carpathian-Pannonian region (CPR), which consists of a group of young extensional 
basins, in the eastern neighborhood of the Alpine orogen belt is situated on an extremely thinned 
continental lithosphere and it is one of the geologically best studied areas in the world (e.g. 
Horváth & Royden, 1981, Horváth, 1988, Horváth, 1993, Fodor et al., 1999, Csontos & Vörös, 
2004, Horváth et al., 2006).  The fact that orogenic and extensional processes here are relatively 
young and that there is a massive body of knowledge on geology, geochemistry, geophysics, 
volcanism and sediments provides us a unique natural laboratory to study the evolution of the 
upper mantle.  Besides, upper mantle peridotites from the sub-continental lithospheric mantle of 
the CPR are extensively studied (e.g. Embey-Isztin, 1976, Embey-Isztin, 1984, Embey-Isztin et 
al., 1989, Downes et al., 1992, Szabó & Taylor, 1994, Downes & Vaselli, 1995, Szabó & Bodnar, 
1995, Szabó et al., 1995a, Szabó et al., 1995b, Török & de Vivo, 1995, Vaselli et al., 1995, Szabó & 
Bodnar, 1996, Szabó et al., 1996, Vaselli et al., 1996, Embey-Isztin & Scharbert, 2000, Falus et al., 
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2000, Downes, 2001, Embey-Isztin et al., 2001, Bali et al., 2002, Dobosi, 2003, Embey-Isztin et al., 
2003, Bali, 2004, Falus, 2004, Falus et al., 2004, Szabó et al., 2004, Falus et al., 2006, Bali et al., 
2007, Berkesi et al., 2007, Zajacz et al., 2007, Bali et al., 2008b, Bali et al., 2008a, Falus et al., 2008), 
due to the Neogene alkali basaltic volcanism transporting large amount of xenoliths to the 
surface.  Majority of these papers focuses on the central part of the CPR, particularly on the 
Bakony-Balaton Highland Volcanic Field (BBHVF), thus a broad geochemical and petrophysical 
database, as well as a solid knowledge has become available to outline the general composition 
and evolution of the sub-continental lithospheric mantle beneath the CPR.  Nevertheless, special 
samples are needed to study deformation and metasomatism, two processes which widely occur 
in upper mantle and might significantly change its physico-chemial properties.  We have selected 
two amphibole-bearing metasomatized spinel peridotites, which enclose coexisting silicate melt 
and fluid inclusions from the BBHVF, because they uniquely encapsulate metasomatism as is.  
Similarly, three deformed, flattened tabular equigranular spinel peridotites have been studied in 
details to better understand the deformation processes in the shallow sub-continental lithospheric 
mantle of the BBHVF.  Although, the number and uniqueness of these selected xenoliths does 
not allow us to draw general conclusions on the physical state and geochemical composition of 
the sub-continental lithospheric mantle beneath the CPR, but comparing them to the general 
information already available might provide additional knowledge on the composition and 
evolution of the upper mantle.  In contrast, Jeju Island is known as an intraplate volcano showing 
geochemical signatures of oceanic island basalt (Nakamura et al., 1989, Park & Kwon, 1993b, a), 
whereas the island is located close to the eastern margin of the Eurasian plate which is known as 
a convergent plate margin, where Pacific and Philippine plates are being subducted beneath the 
Eurasian Plate.  Despite the fascinating geodynamic position of the island, peridotite studies from 
South Korea, particularly Jeju Island, are very rare (e.g. Yun et al., 1998, Choi, 2000, Choi et al., 
2001, Choi et al., 2002, Lee, 2005).  Hence, the general view on the evolution of the sub-
continental lithospheric mantle here is still enigmatic.  For this thesis we have selected a set of 
twenty peridotites, both common and special, to outline the general petrophysical feature of the 
shallow lithospheric mantle beneath the Island and to reveal special deformation and 
metasomatic processes which contributed to the composition and evolution of the upper mantle 
in East Asia.   
This thesis is composed of the following major parts.  (1) Because previous, especially, the early 
papers from the CPR described mainly the basic textural and geochemical features and solely 
presented “representative” xenoliths, only slight chemical and/or textural differences have been 
recognized.  In this manuscript, we sought to provide additional information on the special 
rheological and textural and metasomatic processes and evolution of the lithospheric mantle 
beneath the central CPR by a detailed study on selected peridotite samples from a series of 
hundreds of xenoliths.  By the reconstruction of pre- and post-entrapment evolution of silicate 
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melt inclusions and fluid inclusions revealed from metasomatized peridotites of the CPR this 
study might contribute to the general knowledge of processes associated with high PT 
immiscibility and fluid entrapment.  These peridotite xenoliths provide an opportunity to study 
the volatile content of such silicate melts, as well as the distribution of trace elements between 
melt and fluid during immiscibility in the upper mantle.  These samples also show evidence 
regarding the presence of H2O in the silicate melt and fluid inclusions, in addition to the more 
common and abundant CO2.  (2) Conversely, a reliable geochemical and textural database from 
peridotite xenoliths of Jeju Island, from which the general consequences on the evolution of the 
sub-continental lithospheric mantle can be drawn, is not yet available.  Here, we present the first 
petrophysical analysis of “representative” and special mantle peridotites from the region along 
with their detailed major and trace element analysis to introduce deformation accompanied by 
geochemical evolution.  (3) Comparison of the two peridotite series is necessary to reveal general 
features of the sub-continental lithospheric mantle and to distinguish them from those chemical 
and petrological features that are the result of the different geodynamic setting.   
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Chapter 2 – Sampling and applied techniques 
 
2.1 Sampling and sample preparation 
 
Hundreds of peridotite xenoliths were collected in the past few decades, of which all together 5 
representative mantle peridotites have been selected for detailed study from different alkali 
basaltic outcrops of the Bakony-Balaton Highland Volcanic Field (BBHVF).  3 samples were 
found at the village of Szigliget (Szg) and 2 at Szentbékkálla (Szb) (Fig. 1a, 3b). 
For the detailed texture and fabric analysis, 3 peridotite xenoliths (Szba-1, Szbd-15 and Szgk-
0301) were selected of which xz- (i.e. perpendicular to the foliation and parallel to the lineation), 
syton-polished oriented thin sections were prepared.  Randomly oriented sections were applied in 
case of xenoliths Szg-07 and Szg-08 to get the largest surface.  These latter thin sections were 
polished on both sides (doubly polished thin sections).  For fluid inclusion studies, individual 
mineral grains (mainly orthopyroxene) were separated and polished on both side (Szg-07 and 
Szg-08). 
Dozens of peridotite xenoliths were collected in the framework of a Hungarian-Korean bilateral 
agreement in 2006-2007, of which all together 20 representative mantle peridotites have been 
selected for detailed study (by the courtesy of Prof. Kyoung-hee Yang, Pusan National 
University, Busan, South Korea) from alkali basaltic outcrops at three different sites of Jeju 
Island.  7 samples were found at Jigriorem (gg), 2 at Sangumburi (sg) and 11 at Sinsanri (ss) (Fig. 
1b-c, 29b).  7 syton-polished thin sections were selected for the detailed texture and fabric 
analysis (07-gg-01, 07-sg-b, 02-ss-2, 07-ss-b, 06-ss-1, 06-ss-2 and 06-ss-3).  If macroscopic 
foliation and/or lineation could be observed (07-sg-b, 07-ss-b, 06-ss-1, 06-ss-2 and 06-ss-3) 
samples had been cut oriented in xz-plane (perpendicular to the foliation and parallel to the 
lineation).  Rest of the rock samples from Jeju Island (02-gg-2, 03-gg-2, gg-1-5, gg-2, gg-a, gg-5, 
07-sg-a, 0204-ss-3, 07-ss-a, 07-ss-c, ss-16, ss-17 and ss-18) had been cut to get the largest surface 
and were polished on both sides.  Individual mineral grains (mainly orthopyroxene) were 
separated and polished on both sides for a fluid inclusion study (gg-1-5, gg-a, gg-5, 07-sg-a, ss-17 





Figure 1 a-c Field photos on the sampling localities. 
Figure shown on the next page. (a) View of the Bakony-Balaton Highland Volcanic Field (Carpathian-Pannonian 
region) as looking southwest from the peak of Hegyest .  (b) Peridotite-bearing alkali basaltic outcrop near the 
village of Sinsanri (Jeju Island) as looking southeast. (c) Coarse grained peridotite xenoliths in alkali basalt near the 







Petrographic observations were performed on a Nikon Eclipse LV100POL polarizing 
microscope equipped with Nikon DS-Fi1 digital camera and NIS Elements AR 2.20 digital 
imaging software at the Lithosphere Fluid Research Lab, Eötvös University Budapest (Budapest, 
Hungary). 
The modal composition of the rock samples was evaluated by digital image analysis on high 
resolution photomicrographs of the whole thin sections using Corel X4 software package.  
Calculations were checked by the EBSD orientation mapping dataset (shown later), if that was 
available.   
Computer Tomography (CT) was used for 3D fabric analysis in case of the xenolith Szgk-0301 
(BBHVF) using a Siemens Somatom Plus 4 CT at the Institute of Diagnostic and Radiation 
Oncology, University of Kaposvár (Kaposvár, Hungary) (Fig. 7b).  The peak accelerating voltage 
was 140 kV, slice thickness 1 mm, X-ray tube current 189 mA.  Osiris Medical Imaging Software 
v4.19 and MVE - Medical Volume Explorer v0.8.17.0 softwares were used for data processing.   
Backscattered imaging of the silicate melt inclusions in xenoliths Szg07 and Szg08 (BBHVF) was 
performed on an AMRAY 1830 I/T6 type scanning electron microscope at the Department of 
Petrology and Geochemistry, Eötvös University Budapest (Budapest, Hungary).  Accelerating 
voltage, beam current and beam size were 20 kV, 1-2 nA and 2-7 μm, respectively. 
 
2.3 Fabric analysis 
 
Olivine and orthopyroxene crystallographic preferred orientation (CPO) was measured on the 
syton-polished xz- thin sections of deformed xenoliths of Szba-1, Szbd-15 and Szgk-0301 
(BBHVF) (Fig. 8), and similarly,  olivine CPO from seven selected peridotites of the Jeju 
peridotite series (02-ss-2, 06-ss-1, 06-ss-2, 06-ss-3, 07-sg-b, 07-ss-b and 07-gg-01, Fig. 32) was 
measured using a JEOL JSM-5600 scanning electron microscope at Geosciences Montpellier of 
Montpellier University 2 (Montpellier, France).  This SEM is equipped with an electron back-
scattered diffraction (EBSD) system from HKL Technology using Channel5 software.  
Accelerating voltage of 17 kV, spot size of 78 and 25 mm working distance were used.  The 
sample stage was tilted to 70 degrees.  Automatic orientation mapping was carried out in at least a 
10×10 mm area of the studied xenoliths.  Depending on grain size, a step size between 12-100 
microns was used. Data were evaluated using Channel 5 software package.  The grain size 
distribution of olivine was determined using the data of orientation mapping EBSD analysis (Fig. 
6, 33). 
Pole figures were generated using the PFch5, ROTctfPC and PF_PC careware softwares 
(Mainprice, 2005d, a, Mainprice, 2007).  J-indices were calculated according to the method of 
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Bunge (1982), by the careware softwares of Mainprice (2005c, 2005b) for 10 000 randomly 
selected orientation data, which proved to be enough for a reliable and realistic estimation of 
fabric strength (Table 5, 9).  Seismic anisotropy was calculated based on (1) the EBSD 
orientation database, (2) modal composition of the xenoliths and (3) density of the mineral 
phases calculated by the method of James et al. (2004) (Table 5, 9).  Results of calculations [run-
time difference between the fastest s1 waves (Vs1 max) and slowest s2 waves (Vs2 min)] were 
compared to results of geophysical shear-wave splitting measurements.  
 
2.4 Electron microprobe analysis of major elements 
 
Major element composition of rock-forming minerals in xenoliths Szba-1, Szbd-15 and Szgk-
0301 (BBHVF) was measured by JEOL Superprobe JXA-8600 electron microprobe equipped 
with WDS detectors at the Department of Earth Sciences, University of Florence (Florence, 
Italy) (Appendix 1).  Operating conditions were: accelerating voltage of 15 kV, beam current of 
10 nA, beam size of 3-5 microns. 
Electron microprobe analyses on xenoliths Szg-07 and Szg-08 (BBHVF) were carried out by a 
Cameca SX50 at the Department of Geosciences at Virginia Tech (Blacksburg, USA) and by a 
JEOL Superprobe JXA-8200 at the Bayerisches Geoinstitut (Bayreuth, Germany) (Appendix 1).  
Analyses were carried out with an accelerating voltage of 15 kV, beam currents of 10 and 20 nA 
and beam sizes of 10 and 5 microns.  The counting time for each element was 20 s.  Natural and 
synthetic silicate and oxide standards were used for calibration and ZAF correction was applied.  
Minerals and silicate melt inclusions were analyzed at both laboratories.  Major element data for 
silicate melt inclusions were always obtained from the unhomogenized, residual glass phase 
(Appendix 3).  In contrast, the trace element analyses were carried out by ablating the whole 
silicate melt inclusion and, therefore, can be regarded as bulk compositions. 
Microprobe analyses of xenoliths 06-ss-1, 06-ss-2 and 06-ss-3 (Jeju Island) for major element 
composition of constituent mineral phases were carried out using a CAMECA SX100 at the 
Department of Earth and Environmental Sciences, Pusan National University (Busan, South 
Korea) (Appendix 6).  For the analyses, an accelerating voltage of 15 kV was used with a 10 nA 
sample current and a beam diameter of 1 micron.  Counting times were 10 seconds for each 
element.  Natural and synthetic standards were employed for the analyses.  Precision and 
accuracy were maintained at better than ±1% and ±0.3%, respectively.  Major element chemical 
composition of minerals in xenoliths 0204-ss-3, ss-16, ss-17 and ss-18 (Jeju Island), along with 
the composition of their exsolution lamellae were analyzed using a CAMECA SX100 electron 
probe X-ray microanalyzer at the Department of Lithospheric Sciences, Vienna University 
(Vienna, Austria) (Appendix 6).  Operating conditions were: accelerating voltage of 20 kV, beam 
current 10 nA with a beam size 5 μm.  Major element composition of minerals in xenoliths 02-gg-
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2, 03-gg-2, 07-gg-01, gg-1-5, gg-2, gg-a, 07-sg-b, 02-ss-2, 07-ss-a, 07-ss-b, and 07-ss-c (Jeju Island) 
were analyzed at the Mineralogy and Petrology Research Group, University of Granada 
(Granada, Spain) using CAMECA SX-100 electron microprobe (Appendix 6).  Accelerating 
voltage of 20 kV, beam current of 10 nA, and a beam size of 1 micron were applied.   
Despite the several EMPAs used at several labs for this study, systematic error resulting from the 
usage of the different instruments is negligible.  
 
2.5 LA-ICP-MS analysis of trace elements 
 
Trace element mineral chemistry of the deformed xenoliths Szba-1, Szbd-15 and Szgk-0301 and 
that of the metasomatized xenoliths Szg-07 and Szg-08 (BBHVF) was determined by LA-ICP-MS 
at the Institute of Isotope Geochemistry and Mineral Resources, ETH-Zürich (Zürich, 
Switzerland) using an ArF excimer UV (193 nm) laser source with an energy homogenized beam 
profile and a coupled ELAN 6100 DRC quadrupole mass spectrometer (Appendix 2).  Ablation 
rate was kept between 0.12 and 0.16 μm/pulse with dwell time of 20 ms and NIST SRM 610 was 
used for external standard.  Additional LA-ICP-MS measurements on minerals of metasomatized 
xenoliths Szg-07 and Szg-08 (BBHVF) were carried out using an Elan 6100 ICP-MS equipped 
with CETAC LSX-200 laser ablation system in the Geocenter Copenhagen (Copenhagen, 
Denmark) (Appendix 2).  A beam size of 100 microns was used for the analyses and a single line 
scan or raster method was applied in order to check the homogeneity of the measured phases.  
NIST SRM 610 and NIST SRM 612 synthetic glass standards were used for calibration (using the 
values in Pearce et al. (1997).  The CaO contents of the phases, analyzed by electron microprobe, 
were used as an internal standard.  42Ca, 47Ti, 51V, 88Sr, 89Y, 90Zr, 139La, 140Ce, 145Nd, 147Sm, 151Eu, 
158Gd, 163Dy, 168Er, 173Yb, 208Pb were analyzed.  The precision and accuracy for all measured trace 
elements was <±10%.   
LA-ICP-MS analyses on unexposed bulk silicate melt inclusions in the metasomatized peridotites 
of xenolith Szg-07 and Szg-08 were carried out at Institute of Isotope Geochemistry and Mineral 
Resources, ETH-Zürich (Zürich, Switzerland), using an ArF excimer UV (193 nm) laser source 
coupled with an ELAN 6100 DRC quadrupole mass spectrometer at 70 mJ output energy and a 
repetition rate of 10 Hz (Appendix 4).  The beam diameter was 20 to 80 μm and 10 ms dwell 
time was used for all elements.  A beam diameter slightly larger than the actual size of the 
inclusion was used to avoid incomplete sampling of the heterogeneous SMIs.  Inclusion signals 
shorter than 15 readings were not considered.  The energy density was homogeneous across the 
laser beam profile (Heinrich et al., 2003).  Quantification of silicate melt inclusion compositions 
followed the method of Halter et al. (2002) and K2O from EMPA analyses was used as an internal 
standard.  Glass NIST SRM 610 was used for external standardization.   
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The trace element composition of the fluid inclusions in xenoliths Szg-07 and Szg-08 (BBHVF) 
was determined by LA-ICP-MS, with an Agilent 7500ce octopol spectrometer (ORS) and 
GeoLas laser ablation system at the Department of Geosciences, Virginia Polytechnic Institute 
and State University (Blacksburg, USA), using 193 nm ArF laser beam, 103 Pa vacuum, 1.2 l/min 
He-flow with 10-50 μm spot size, 0.01 s dwell time, 5 Hz repetition rate and 150 mV output 
energy (Appendix 5).  NIST SRM 610 was used for external standardization and data processing 
was carried out by the data analyses softwares AMS (Mutchler et al., 2008) and SILLS (Guillong et 
al., 2008).  Beam size was somewhat greater than the inclusions to sample the entire inclusion 
plus some of the host immediately around the inclusion.  This technique does not provide the 
exact composition of the fluid inclusion because the lack of reliable internal standards in CO2-
dominated fluid inclusions.  Further details of the method of calculation can be found below in 
the section ‘LA-ICP-MS analysis of FI for trace elements’.   
The trace element composition of clinopyroxene in the xenoliths of Jeju Island (02-gg-2, 03-gg-2, 
07-gg-01, gg-1-5, gg-2, gg-5, 07-sg-b, 0204-ss-3, 02-ss-2, 07-ss-a, 07-ss-b, ss-17, ss-18, 06-ss-2- 
and 06-ss-3) was determined by LA-ICP-MS, with an Agilent 7500ce octopol spectrometer 
(ORS) and GeoLas laser ablation system at the Department of Geosciences, Virginia Polytechnic 
Institute and State University (Blacksburg, USA), using 193 nm ArF laser beam, 103 Pa vacuum, 
1.2 l/min He-flow with 10-50 μm spot size, 0.01 s dwell time, 5 Hz repetition rate and 150 mV 
output energy (Appendix 7).  NIST SRM 610 was used for external standardization and data 
processing was carried out by the data analyses softwares AMS (Mutchler et al., 2008).  
Normalization to 100 % was used during data reduction. 
Despite the several LA-ICP-MS used at several labs for this study, systematic error resulting from 
the usage of the different instruments is negligible (based on control measurements). 
 
2.6 Microthermometry and high-T melting experiments 
 
For microthermometry of fluid inclusions of xenoliths 02-gg-2, 07-gg-01, gg-1-5, gg-a, gg-5, 07-
sg-a, 07-ss-a, 07-ss-c and ss-18 (Jeju Island; Fig. 37, Table 8), along with the microthermometry 
of the fluid phase of silicate melt inclusions, as well as individual fluid inclusions of xenoliths Szg-
07 and Szg-08 (BBHVF; Fig. 17, Table 3) a Linkam THMS600 heating-cooling stage mounted 
on a Nikon Eclipse LV100POL polarizing microscope at Lithosphere Fluid Research Lab (LRG), 
Eötvös University Budapest (Budapest, Hungary) was used for microthermometry, and was 
calibrated using commercially-available synthetic fluid inclusions containing CO2-H2O, H2O and 
NaCl-H2O.  At the melting points of standards, the temperature reproducibility is ±0.2 °C.  The 
homogenization temperature of CO2 liquid and vapor was used to calculate the density of the 
homogenous CO2 fluid inside the pyroxene-hosted fluid inclusions, using the BULK and ISOC 
software package of Bakker (2003).  Other components (H2O±H2S) beside CO2 were only 
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detected during low temperature Raman spectrometry but could not be quantified (shown later).  
The equation of state of pure CO2 of Belonoshko & Saxena (1991) was used to calculate the 
isochores of the fluid inclusions.  This approximation result is in a maximum error of about 15 % 
in the density calculations (towards lower values) if the actual composition of fluid inclusions 
would be 95% CO2, 4.5% H2O and 0.5% H2S.  (Note that the amount of H2O and H2S could not 
be quantified, listed above represents an estimated maximum.)  Applying the isochores obtained 
from the equation of state of pure CO2 (Belonoshko & Saxena, 1991) and the equilibrium 
temperatures obtained from the ‘two-pyroxene’ thermometers of Brey & Köhler (1990) and 
Putirka et al. (1996), the minimum pressure of entrapment and the minimum depth of origin in 
the mantle were estimated (Table 3, 8).  
Attempts to homogenize the fluid bubble in the silicate melt inclusions of xenoliths Szg-07 and 
Szg-08 (BBHVF), containing glass were conducted on a Linkam TS1500 heating stage at the 
Lithosphere Fluid Research Lab, Eötvös University Budapest (Budapest, Hungary) at 
atmospheric pressures (Table 3).  High purity NaCl, as well as pure Au, Ag and Cu metals were 
used for temperature calibration.  At the melting points of standards, the temperature 
reproducibility is ±2 °C.  Inert N2 gas was used to avoid oxidation of the sample and the heating 
process was as follows: 50 °C/min from room temperature to 400 °C, 15 °C/min to 600 °C, 10 
°C/min to 1200 °C.  The maximum cooling rate was applied during the quench, but in every case 
the SMI started to re-crystallize during cooling. 
 
2.7 Raman spectroscopy 
 
A Jobin Yvon confocal-type Labram Raman instrument with a 532 nm Nd-YAG laser and 20 
mW laser energy, and equipped with a CCD detector and 50× objective at the Department of 
Organic Chemistry, Budapest University of Technology and Economics /BME/ (Budapest, 
Hungary) and a similar instrument with a 514 nm laser and 40× microscope objective at the 
Department of Geosciences, Virginia Polytechnic Institute and State University /VT/ 
(Blacksburg, USA) were used to analyze fluid and melt inclusions of xenoliths Szg-07 and Szg-08 
(BBHVF; Fig. 18, Table 4).  The following instrument settings were applied: at BME 0 laser 
filter, 1000 μm confocal hole, 100 μm spectral slit, 850 spectrograph grating, 2-3× accumulation 
time and 20-100 sec acquisition time (to maximize the signal intensity); at VT 0 laser filter, 400 
μm confocal hole, 150 μm spectral slit, 600 spectrograph grating, 2-3× accumulation time and 30-
80 sec acquisition time (depending on the possible maximum intensity).  The microscope 
objective at VT was adjusted using the coverslip correction collar (diaphragm) to maximize the 
signal intensity by compensating for the non-unity index of refraction of the sample matrix, 
according to the method of Adar et al. (2004).  Spectra were taken both at room temperature and 
at -100 °C (complete freezing) using the same Linkam freezing stage that was used for 
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microthermometry.  Control measurements were conducted on quartz-hosted synthetic H2O-
CO2 fluid inclusions containing 21.4 wt% water (Bodnar & Sterner, 1987) because in these 
inclusions a temperature range exists where peaks of solid CO2, H2O ice and H2O-CO2 clathrate 
can be observed together.  Raw data were processed using LabSpec v4.14 software designed for 
Jobin-Yvon Horiba LabRam instruments.  The density of the homogeneous CO2 in the fluid 
inclusions and that in the fluid bubbles of SMI were calculated from the Raman spectra using the 
micro-Raman densimeter of Kawakami et al. (2003) for CO2. 
The Jobin Yvon confocal-type Labram Raman instrument with a 532 nm Nd-YAG laser and 20 
mW laser energy, and equipped with a CCD detector and 50× objective at the Department of 
Organic Chemistry, Budapest University of Technology and Economics (Budapest, Hungary) was 
used to analyze fluid inclusions of xenolith gg-5 (Jeju Island) with the same instrument settings as 
above (Fig. 38).  Spectra were taken at both room temperature and in the range of +100 to +200 
°C using the same Linkam stage that was used for microthermometry.   
It should be noted that, in case of the BBHVF xenoliths FI were cooled down to temperatures 
where the complete solidification of the fluids is achieved and were kept frozen during the 
Raman analysis.  In contrast, fluid inclusions of the Jeju xenoliths were heated up to temperatures 
where complete homogenization of the enclosed fluids (even if it is not seen) can be assumed 
and Raman analyses were performed according to the method of Berkesi et al. (submitted). 
Upon cooling, in addition to the peaks of solid CO2, a band corresponding to CO2-H2O clathrate 
with molecular water in the cage appears (Fig. 18).  All low temperature Raman spectra were 
obtained from solid phases (e.g. H2O-CO2 clathrate and CO2 ice) thus, the distribution of the 
CO2-H2O components inside the fluid inclusion at -100 °C is not homogeneous, excluding 
quantitative determination of the CO2/H2O ratio. Upon heating, as H2O-rich and CO2-rich 
phases homogenize into a single phase (Sterner & Bodnar, 1991, Diamond, 2001), the Fermi diad 
of CO2 is present and the peak for dissolved H2O generally appears on spectra taken between 
120 to 150 °C (Fig. 38b).  Even though the complete homogenization of the fluid inclusion 
cannot be recognized, at high temperature the distribution of dissolved H2O in CO2 is 
presumably uniform, which allows (semi-) quantification of spectra of the CO2-rich phase 
according to the method of Dubessy et al. (1992).  
Advantages and disadvantages of the different methods of Raman analysis are listed in Table 1. 
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Table 1 Advantages and disadvantages of Raman spectroscopic techniques for H2O detection at different 
temperature conditions (Berkesi et al., submitted). 
Method Temperature Advantage Disadvantage 
high-T 100-200 °C 
 CO2 and H2O are homogeneously 
distributed in the CO2-rich phase: the 
location of the laser spot within the fluid 
inclusion is not critical 
 semi-quantitative: the CO2/H2O ratio of 
the fluid inclusion can be determined 
 moderate risk of decrepitation 
during heating to higher T 
 fluorescence may interfere with the 
Raman signal 
room-T 20-25 °C 
 no cooling/heating stage is required 
 no risk of decrepitation 
 analysis is relatively fast 
 H2O cannot be identified unless the 
CO2/H2O ratio is low  






 solid materials produce higher intensities 
than their liquid or vapor counterparts 
under the same run conditions 
 may decrease fluorescence  
 no risk of decrepitation 
 due to the small size of the solid 
CO2 and/or clathrate phases in 
frozen inclusions, it may be difficult 
to focus the laser on these small 
phases in the inclusion 
 qualitative analysis only 
 time-consuming 
 
2.8 IR spectroscopy 
 
The quantitative water determination of the minerals in xenoliths Szba-1 and Szgk-0301 
(BBHVF) was carried out by Bruker IFS 28 type infrared microscope at the Research School of 
Earth Sciences, The Australian National University (Canberra, Australia) using unpolarized light, 
32 scans, and 75 μm sized aperture and the calibration of Bell et al. (2003) and unpolarized 
infrared method of Kovács et al. (2008) for quantification (Appendix 1). 
Infrared analysis on the silicate melt and fluid inclusions along with that of the host minerals in 
xenoliths Szg-07 and Szg-08 (BBHVF) was performed to identify infrared active components 
(H2O, OH-, CO2) in the inclusions at ELETTRA Synchrotron Light Laboratory of Trieste 
(Trieste, Italy) (Appendix 1).  The individual analyses on host phases and inclusions were 
performed with a Bruker VERTEX70 Fourier spectrometer coupled to a Hyperion 3000 infrared 
microscope, using usually a 30×30 μm aperture.  The absorbtion maps made up of 64×64 pixels 
were obtained in transmission mode with a Focal Plane Array (FPA) detector.  Each pixel has the 
dimension of 5×5 μm.  Hyperspectral infrared maps were obtained by integrating the absorbance 
spectra after baseline substraction usually in the 3000-3750 cm-1 spectral region for H2O and in 
the 2300-2450 cm-1 region for CO2 (Fig. 20).  The infrared spectrum in this particular spectral 
range for H2O in melt and fluid inclusions does not always allow us to distinguish OH- from H2O 
(as the broad peak in this region can be attributed to absorption of both species) or to quantify 
the H2O and CO2 contents in the inclusions.  The H2O concentrations in NAMs were quantified 
using unpolarized infrared light on randomly oriented mineral grains (Kovács et al., 2008) and the 
calibration factors of Bell et al. (1995, 2003) (Appendix 1). 
19 
 
Peridotite xenoliths of this study and the analytical procedures applied are summarized in Table 
2.   
20 
 
Chapter 3 – Composition and evolution of the upper mantle beneath 
the Bakony-Balaton Highland Volcanic Field   
 
3.1 Geological overview of the CPR 
 
The Carpathian-Pannonian region (CPR) is located in Central Europe and includes the 
Pannonian Basin which is surrounded by the Carpathian fold and thrust belt.  The CPR was 
formed at the late stages of Alpine orogeny, the convergence of the Adriatic and European 
plates.  The Pannonian Basin is composed of the ALCAPA (ALpian-CArpathian PAnnonian) 
block of African affinity and the Tisza-Dacia block of European affinity that are separated by the 
Middle Hungarian Zone (Csontos & Nagymarosy, 1998) (Fig. 2, 3a).  Both units had different 
Mesozoic histories and distinction between their affinity is based on paleobiogeographic (e.g. 
Géczy, 1973, 1984, Vörös, 1993, Szente, 1995) and paleomagnetic data (e.g. Márton & Márton, 
1978, Márton, 1997).  The ALCAPA is located in the northern part of the Pannonian basin (Fig. 
3a) and was extruded from the Alpine-Dinaric system eastwards (Kázmér & Kovács, 1985) and 
has been transported as a lithospheric unit into the Carpathian embayment during the late 
Oligocene-early Miocene (Kovács & Szabó, 2008 and references therein) as a result of Alpine 
collision between the Adrian indenter and the stable European platform (Fodor et al., 1999, 
Csontos & Vörös, 2004).  Extrusion tectonics, described by Tapponier & Molnar (1976), is 
defined as synchronous interaction between tectonic escape (Burke & Sengör, 1986) and 
extensional collapse (Dewey, 1988).  The key factor of this type of tectonic process is the 
presence of a subductable oceanic or thinned continental crust at the edge of the escaping units.  
The Outer Carpathian flysch basins, which were opened by Jurassic-Early Cretaceous rifting 
(Csontos, 1995), with weakened lithosphere served as such “free space” (Horváth, 1988), which 
could be later occupied by the escaping ALCAPA and Tisza-Dacia blocks (Csontos, 1995).  The 
eastward escape of the orogenic lithosphere block from the Alpine collision zone, followed by 
extensional collapse and the retreat accompanied by active pull of the Carpathian subduction 
zone via subduction roll-back are considered to be responsible for the formation of the 
Pannonian Basin.  During these Paleogene-Early Miocene events lateral faults and thrust faults 
characterized the general tectonic pattern of the CPR (Fodor et al., 1992, Tari et al., 1993).  
Transtensional structures are often observed in the southern Tisza-Dacia block.  Basin formation 
in the northern part of the Tisza-Dacia block also takes place during the Paleogene-Early 
Miocene tectonic period (Ciulavu et al., 1994).  The two tectonic units of the Pannonian Basin 
(ALCAPA and Tisza-Dacia) have been finally assembled in the Middle Miocene after opposite 
rotation (e.g. Márton & Márton, 1978, Balla, 1984, Csontos et al., 1992, Kova  et al., 1994) (Fig. 
2).   
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Figure 2 Early Miocene 
opposite rotation of 
ALCAPA (anticlockwise) 
and Tisza-Dacia 
(clockwise) into the 
Carpathian embayment and 
the schematic geodynamic 
environment after Csontos 
& Nagymarosy (1998). 
Stars denote the poles of 




Considerable thinning of the lithosphere occurred during the first phase of extension in the 
middle Miocene, which led to extensive melting in the previously metasomatized mantle (Harangi 
et al., 2007, Kovács & Szabó, 2008).  Extension with normal faulting in the Vienna basin (western 
edge of the CPR) started in the Eggenburgian and culminated in the Ottnangian and Karpathian.  
Volcanic products of the Paleogene-Early Miocene period occur sporadically and silicic rocks, as 
thick ignimbrites were erupted along the Mid-Hungarian Zone (e.g. Szabó et al., 1992, Pécskay et 
al., 1995).  In contrast to previous models (e.g. Szabó et al., 1992, Harangi, 2001), which suggest 
that southward-dipping subduction of European lithosphere beneath the ALCAPA microplate 
along the Western Carpathians is responsible for the chemical characteristics seen in middle 
Miocene volcanic, Kovács et al. (2007) and Kovács & Szabó (2008) proposed that the 
subduction-related geochemical characteristics in Tertiary calc-alkaline igneous rocks and mantle 
xenoliths from the Bakony-Balaton Highland, close to the Middle Hungarian Zone, are inherited 
from an earlier subduction event. 
However, major rotations were achieved till the beginning of the Middle Miocene, rifting 
associated with significant syn-sedimentary faulting and high subsidence rates started in the 
Karpathian in the central and eastern part of the CPR (Csontos, 1995, Fodor et al., 1999).  
Stretching in the basin is considered to be coeval with nappe thrusting in the Outer Carpathians 
(Csontos, 1995), whereas nappe formation already ceased in the western part of the Carpathian 
chain.  Major basin openings, e.g. Little Hungarian Plain (Tari, 1994) and Hód-Békés (Gy rfy & 
Csontos, 1994), along low angle normal faults are also related to the Karpathian tectonic events.  
Thus, extension was accompanied by rapid uplift of metamorphic core complexes.  At the same 
time opening of thin-skinned, strike slip basins (e.g. Vienna and East Slovakian Basins) took place.  
The major stress field driving deformation in the crust is the NE-SW to ENE-WSW trending 
tension (Fodor et al., 1999).  Major calc-alkali volcanic activity also took place in the Karpathian 
with eruption centers along the Carpathian arc (e.g. Szabó et al., 1992, Pécskay et al., 1995).   
In the Badenian lateral faulting, associated with the formation of pull-apart basins characterized 
the tectonic pattern (e.g. Fodor et al., 1999).  A remarkable feature during the Badenian event is 
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the rotation of dominating stress fields compared to those of characterizing the Karpatian 
deformation.  The rotation of major tension direction from NE to E occurred before or within 
the Middle Badenian (Fodor et al., 1999) due to fixation of the subduction front in the 
northwesternmost part of the Carpathians.  Although the Transylvanian Basin (eastern part of the 
CPR) also subsided in the Badenian, no extensional structures have been found (e.g. Ciulavu et al., 
1994).  The end of rifting in the western parts of the Pannonian Basin is shown by several seismic 
sections (Tari, 1994).  Volcanic products of this period composed of large volumes of andesites 
located along the Carpathian arc (Szakács & Seghedi, 1995). 
The Sarmata-Pontian period is considered to be the thermal cooling phase of the Middle 
Miocene rifting (Horváth & Royden, 1981).  In the late Sarmatian overall inversion in the basin 
system can be observed.  Most of the basin system is characterized by tectonic subsidence, 
however minor inversion of earlier graben structures (Horváth & Cloetingh, 1996) and erosion in 
the Sarmatian can also be observed.  The Sarmatian erosional event is explained by the 
combination of increase of intraplate compressional stress (Horváth & Cloetingh, 1996) and 
global sea level fall at the end of the Sarmatian (Vakarcs et al., 1994).  The Pannonian was 
characterized by post-rift subsidence, as indicated by widespread and thick Pannonian sediments, 
often onlaping the pre-Miocene basement (Csontos, 1995).  The basin system was filled up by the 
end of the Pontian by sediments provided by large delta system.  Calc alkaline and coexisting 
alkali magmatism is observed in this period (e.g. Szabó et al., 1992).  After the Late Miocene, 
complete termination of the subduction of the European foreland beneath the Carpathians 
followed by the detachment of the subducting slab in a scissor-like nature from west to east 
(Spakman, 1990).  The ongoing convergence between the Adriatic and European plates at the 
Dinaric front resulted in compression of the lithosphere beneath the CPR (Horváth & Cloething, 
1996).  Alkali (and ultrapotassic) volcanic activity is known from several parts of the basin system 
(e.g. Embey-Isztin, 1993, Harangi, 2001).  Alkali basaltic activity was associated with deep seated 
earthquakes as demonstrated by Falus et al. (2004).  Synsedimentary rocks in the vicinity of the 
basaltic volcanic areas also display evidence for such tectonic events (Sacchi et al., 1999).   
Due to the special geodynamic evolution of the CPR, the Pannonian Basin was accompanied by 
intensive asthenospheric upwelling and, therefore, the area is now characterized by an 
anomalously thin lithosphere (~60 km) (Horváth, 1993, Bada et al., 2007) (Fig. 3a). 
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Figure 3 Schematic view of the Carpathian-Pannonian region and the Bakony-Balaton Highland Volcanic Field. 
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Figure 3 (continued from previous page) BBHVF: Bakony-Balaton Highland Volcanic Field; ETBVF: Eastern 
Transylvanian Basin Volcanic Field; LHPVF: Little Hungarian Plain Volcanic Field; NGVF: Nógrád-Gömör 
Volcanic Field; SBVF: Styrian Basin Volcanic Field.  (a) Photo-map of the Carpathian-Pannonian region showing the 
main tectonic units (ALCAPA and Tisza-Dacia separated by the Middle Hungarian Zone (after Csontos & Vörös, 
2004, Kovács et al., 2008 and references therein), the lithospheric thickness (units in km) beneath the region (after 
Horváth, 1993, Lenkey, 1999) and the five upper mantle (-lower crustal) xenolith bearing Neogene alkali basaltic 
volcanic fields (e.g. Szabó et al., 1995a and references therein).  The Bakony-Balaton Highland Volcanic Field 
(BBHVF) is located in the center of the Pannonian Basin.  Satellite image downloaded from GoogleEarth.  (b) 
Simplified geological map of the BBHVF with locations for the upper mantle and lower crustal xenolith bearing 
alkali basalt lavas and basalt pyroclasts after Jugovics (1968), Harangi (2001) and Wijbrans et al. (2007).  The studied 
samples were collected near the villages of Szigliget and Szentbékkálla.  Satellite image downloaded from 
GoogleEarth. 
 
Crustal structure and crustal thickness of the basin system is well defined due to structural 
geological field studies, paleostress data (e.g. Csontos et al., 1992; Fodor et al., 1999) and the 
analysis of numerous seismic profiles (reflection, refraction and wide-angle reflection) taken in 
the area (e.g. Ibrmajer et al., 1994, Posgay et al., 1995).  Seismic studies showed that, with the 
exception of the Transdanubian Central Range, the basin system is characterized by 30-22.5 km 
crustal thickness being the thinnest in the central part of the basin and thickening towards the 
margins.  The anomalously thin crust is suggested to be the result of Neogene extension (e.g. 
Horváth, 1993).  The structure of the upper crust reflects brittle deformation occurring as normal 
faults that frequently reactivated nappe surfaces and strike-slip tectonic movements.  The faults 
are often syn-sedimentary and never cut through the lower crust, which shows strong layering 
(e.g. Posgay et al., 1990) and is suggested to deform in the ductile regime.  Normal faulting and 
contemporaneous strike slip tectonic movements as well as the layering (sub-horizontal 
reflectors) in the lower crust are related to the major extension of the CPR in the Middle Miocene 
(e.g. Horváth, 1993).  The nature of the mantle lithosphere however is poorly constrained.  Only 
few seismic studies with weak resolution (e.g. Babuska et al., 1988, Posgay et al., 1995), 
magnetotelluric soundings (e.g. Ádám et al., 1996) and gravity anomaly profiles (e.g. Szafián et al., 
1997, Szafián & Horváth, 2006) explored the deep lithosphere beneath the basin system.  The 
main aim of these studies was to determine the asthenosphere-lithosphere and crust-mantle 
boundaries, whereas the internal structure of the mantle lithosphere was not investigated.  All of 
the geophysical studies carried out dealing with the lithosphere reflect updoming of the 
asthenosphere and indicate that it is also anomalously thin beneath the region.  Lithospheric 
thickness minimums (~60 km) correlate well with crustal minimums (Posgay et al., 1995) and heat 
flow maximums (e.g. Lenkey, 1999).   
Besides the geophysical information mantle xenoliths, hosted in alkali basalts provide direct 
evidence of the nature of the subcontinental lithospheric mantle beneath the CPR.  These alkali 
basalts are the products of Late Miocene-Quaternary volcanic activity (e.g. Embey-Isztin & 
Dobosi, 1995), occurring in several fields in the CPR (Styrian Basin, Little Hungarian Plain 
Bakony-Balaton Highland, Nógrád-Gömör, Persány Mountains or Eastern Transylvanian Basin; 
Fig. 3a).  The volcanism began first (10-12 Ma) in the western (Styrian Basin) part of the CPR 
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(e.g. Balogh et al., 1986, Balogh & Pécskay, 2001).  It culminated in all volcanic fields at 3-5 Ma.  
The last eruptions yielding mantle xenolith-bearing volcanic products occurred around 0.8 Ma in 
the Persány Mts.  Phreatomagmatic to magmatic eruptions characterized the volcanism resulting 
in various volcanic forms (e.g. Harangi & Harangi, 1995, Németh, 1999).  Major element 
composition of the mantle derived melts implies that they represent primary magmas.  Trace 
element composition indicates subduction related component in the source region of most of the 
magmas (Downes et al., 1995, Harangi, 2001).  Partial melting occurred at 80-100 km mantle 
depth, in the garnet stability zone (Embey-Isztin & Dobosi, 1995, Harangi et al., 1995).  The 
volcanism can be classified as post-extensional volcanic activity (Embey-Isztin & Dobosi, 1995, 
Harangi, 2001) and was generated as decompression melt due to the upwelling of asthenospheric 
material.  Alkali basaltic magmas themselves reflect nature and characteristics of the mantle 
source they have been derived from.  Nevertheless, the curiosity of some of the CPR alkali 
basalts is the high abundance of upper mantle xenoliths.  They occur both in pyroclasts and lava 
flows.   
The sampled locality of this study belongs to the Neogene-Quaternary Bakony-Balaton Highland 
Volcanic Field (BBHVF, Fig. 3b), which is situated within the ALCAPA tectonic unit, north of 
the Middle Hungarian Zone (Fig. 3a).  The upper mantle xenoliths presented in this study were 
found near the villages of Szigliget and Szentbékkálla (Fig. 3b) in an alkaline basaltic tuff deposit 
related to phreatomagmatic volcanism (Martin, 2004) that was active from approximately 4.08 to 
4.53 Ma (Wijbrans et al., 2007). 
 
3.2 The sub-continental lithospheric mantle of the CPR: a review and goals 
 
Based on studies of upper mantle xenoliths hosted in the Neogene-Quaternary alkali basalts from 
the CPR (e.g. Embey-Isztin et al., 1989, Kurat et al., 1991, Downes et al., 1992, Szabó & Taylor, 
1994, Szabó et al., 1995a, Vaselli et al., 1995, Vaselli et al., 1996, Chalot-Prat & Boullier, 1997, Bali 
et al., 2002), the lithospheric mantle lithologically is relatively heterogeneous because spinel 
lherzolites, harzburgites and dunite are all present (Fig. 4a).  Spinel clinopyroxenite, wehrlite and 
websterite xenoliths were also described from almost every alkali basaltic outcrop of the CPR 
(e.g. Kurat, 1971, Embey-Isztin, 1976, Embey-Isztin, 1984, Embey-Isztin et al., 1989, Downes et 
al., 1992, Szabó & Taylor, 1994, Szabó et al., 1995a, Török, 1995, Vaselli et al., 1995, Vaselli et al., 
1996, Bali et al., 2002, Dobosi et al., 2003b, Kovács et al., 2004), but garnet pyroxenites are rare.  
Garnet pyroxenites or symplectite-bearing pyroxenite was described from the SBVF1 (Kurat, 
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1971, Falus et al., 2000), BBHVF (Embey-Isztin et al., 1989, Török, 1995, Embey-Isztin et al., 
2003), LPHVF (Falus et al., 2006) and ETBVF (Koch, 1885, Falus et al., 2000, Tóth, 2004). 
The peridotite (basically spinel lherzolite) xenoliths, representing residual material of the mantle 
with complex history showing variable textural features strongly related to the locations within 
the CPR.  Textural patterns recognized in the xenoliths from SBVF (western CPR) display minor 
to moderate deformation and recrystallization producing dominantly protogranular, 
porphyroclastic textures also recognized earlier (Kurat et al., 1991, Vaselli et al., 1995).  The 
Nógrád-Gömör Volcanic Field (NGVF) located at the northern edge of the Pannonian Basin, 
however, represents a wide variety of upper mantle xenolith textures ranging from the 
protogranular and protogranular-porphyroclastic textural types at the northern part of the 
volcanic field to the porphyroclastic, equigranular and secondary recrystallized textures towards 
the southern part of the xenolith occurrences (Szabó & Taylor, 1994).  In contrast, intensive 
deformation is suggested to take place in the upper mantle beneath the central part of the CPR as 
indicated by porphyroclastic to equigranular xenoliths from the LHPVF and BBHVF (Embey-
Isztin et al., 1989, Downes et al., 1992, Szabó et al., 1995a) displaying moderate to strong CPO 
(Falus, 2004).  Significant correlation was found between textural types and equilibrium 
temperatures, estimated from the major element content of the xenoliths (Szabó et al., 1995b).  
Based on the orientation distribution of olivine in the peridotites from the central CPR, one 
group of xenoliths, that consists solely of coarse protogranular-porphyroclastic lherzolites with 
undepleted major element compositions (Downes et al., 1992, Szabó et al., 1995a) and the highest 
equilibrium temperatures (1050-1150 °C) among the xenolith suite (Szabó et al., 1995a) shows 
olivine fabrics with [100]-axes plotting to a single maximum with high multiples of uniform 
distribution parallel to mineral lineation in the foliation plane.  The [010]-axes plot normal to the 
foliation and lineation, whereas [001]-axes with lowest multiples of uniform distribution plot in 
the foliation at high angles to the lineation, similar to olivine fabrics described by Zhang et al. 
(2000) during simple shear measurements in olivines.  This type of olivine fabric is developed 
during the activation of (010)[100] slip system (Carter & Avé Lallemant, 1970) and is frequently 
addressed as the normal fabric during high-temperature mantle flow (i.e. asthenospheric flow) in 
the upper mantle (e.g. Blackman et al., 2002).  The other group of xenoliths characterized by fine 
grained porphyroclastic, equigranular texture, low (800-900 °C) equilibrium temperature (e.g. 
Szabó et al., 1995a) and variable geochemical composition (Downes et al., 1992) displays unusual 
deformation patterns.  Olivine [010]-axes plot to a single maximum perpendicular to the foliation 
plane, whereas olivine [100] and [001]-axes form a continuous girdle within the foliation plane.  
These fabrics are often addressed as ‘axial [010]’ and are found rarely in natural peridotites 
(Tommasi et al., 1999).  The development of such fabric cannot be attributed to any known 
olivine slip system.  However, similar patterns are reproduced in experimental rock deformation 
and numerical modeling in axial shortening or classical transpression stress fields (Tommasi et al., 
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1999) that are believed to be typical forces acting on the lithosphere in collision or collision-and-
escape type geodynamic environments, respectively.  According to these observations Falus 
(2004) suggested the presence of two horizontal layers in the lithospheric mantle beneath the 
central CPR of which the deeper, basically protogranular-porphyroclastic layer show higher 
equilibrium temperature and the activation of one slip system, whereas the shallower layer is 
characterized by deformed textures with lower equilibrium temperatures and strong deformation 
patterns. 
There are no significant chemical differences of xenoliths in bulk compositions among the major 
localities although the compositional range of the NGVF covers the highest MgO-bearing 
xenoliths, whereas ranges of the SBVF and ETBVF xenoliths involve samples containing the 
lowest MgO content.  Xenoliths from the BBHVF and LHPVF show a transitional character.  
Concentration of basaltic elements, representing Na2O, Al2O3 and TiO2, and of CaO displays a 
negative correlation with MgO as Downes & Vaselli (1995) have already noted.  These chemical 
features of the CPR xenoliths are in agreement with xenoliths from other localities (e.g. Rhenish 
Massive, Massif Central) and with Alpine massive peridotites (e.g. Lherz) (Bodinier et al., 1988, 
Wilson & Downes, 1991, Wilson & Downes, 1992).  It is suggested that gradual depletion in 
basaltic elements is connected at first consideration to partial melting event(s).  Nevertheless, 
mineral composition in the CPR xenoliths, particularly clinopyroxene, varies according to the 
xenolith textures as pointed out by Downes (1990) and Szabó et al. (1995a).  Less deformed 
xenoliths have clinopyroxene with high amount of basaltic major elements (Al, Ti, Na and Fe) 
compared to more deformed samples (Fig. 9c).  However, clinopyroxenes in the more deformed 
and more intensively recrystallized xenoliths show higher content of strongly incompatible trace 
elements such as light rare earth elements than the undeformed ones (Fig. 12).  This feature can 
rather be explained by the influence of an incompatible element-rich fluid phase impregnated the 
preexisting deformed peridotitic assemblage, which provided a more permeable pathway for the 
migrating fluids than the undeformed peridotite (Downes, 1990) and resulted only in cryptic 
metasomatism and contemporaneous annealing.  However, depletion in basaltic major elements 
may also be related to fluid/melt migration and reaction with the peridotitic wall-rock as 
Kelemen et al. (1992) pointed out.  This would also explain the observed decoupling between 
major and trace elements world widen (Frey & Green, 1974, Wilshire & Shervais, 1975).   
Besides the dry olivine-rich peridotitic assemblage, xenoliths showing enrichment in both 
anhydrous phases (as clino- and orthopyroxenes) and/or hydrous minerals (such as amphiboles 
and phlogopites) are also present in all localities (Szabó et al., 1995a, Szabó et al., 2004).  Chemical 
composition of clinopyroxene-rich xenoliths generally shows enrichment in basaltic and LRE 
elements.  These rock fragments are the products of asthenosphere-derived mafic melts 
crystallized as pyroxenite cumulates either in the lithospheric mantle or lower crust at 1.2-1.5 GPa 
(e.g. Dobosi, 2003, Dobosi et al., 2003, Kovács et al., 2004, Zajacz et al., 2007) similar to those 
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studied in the East Eifel (Sachs & Hansteen, 2000) and Penghu Islands xenoliths (Ho et al., 2000).  
In several peridotite xenoliths from the BBHVF not only clinopyroxenite but websterite veins 
can also be observed, which are interpreted as reaction products of mafic melts and wall-rock 
peridotites (Bali et al., 2008b).  In contrast with the clinopyroxene-rich bands, the orthopyroxene-
enriched rocks (i.e. orthopyroxene-rich websterites and orthopyroxenites), occurring rarely in the 
BBHVF (Bali et al., 2008b) and LHPVF (Szabó et al., 1995b), were produced by the infiltration of 
Si-rich silicate melt or fluid.  This melt/fluid transported high amount of incompatible trace 
elements and reacted with the strongly depleted peridotitic assemblage suggested by the spoon-
shaped chondrite normalized REE-patterns of the clinopyroxenes (Bali et al., 2007, Bali et al., 
2008b).  The reagent Si-rich melt/fluid is suggested to have been released from a subducted slab 
(Bali et al., 2007, Bali et al., 2008b).  Hydrous phases as pargasitic and kearsutitic amphiboles and 
phlogopitic micas also occur as modal metasomatic minerals in both peridotite and pyroxenite 
xenoliths from the CPR (Fig. 11a).  Amphiboles, occurring as interstitial phases, veins and 
selvages, are more common than phlogopites.  In spite of the significant textural variation of 
amphiboles, they display moderate variation in major element composition.  The majority of 
amphiboles from the NGVF, LHPVF, SBVF and ETBVF peridotites are pargasites, whereas 
BBHVF amphiboles show wide compositional range (Szabó et al., 2004 and references therein).  
The occurrence of amphiboles in the SBVF and ETBVF shows weak preference to textural 
types, presumably because of the low variability of textures in these regions.  Nevertheless, 
amphiboles in the xenoliths from the central part of the basin show strong preference to the 
most deformed and recrystallized rocks and they are absent from protogranular xenoliths.  
Presence or absence of amphiboles is independent from both texture and chemistry of 
clinopyroxenite xenoliths in the NGVF (Kovács et al., 2004) and in the BBHVF (Bali, 2004).  
Considering the trace elements in amphiboles, large differences can be observed in all localities.  
At the SBVF mostly interstitial amphiboles have been found in peridotite xenoliths, which show 
the widest compositions, ranging from LREE-depleted to LREE-enriched primitive mantle 
normalized patterns.  In the case of the ETBVF, interstitial amphiboles from peridotite xenoliths 
also display a wide compositional range with the lowest REE-contents, whereas amphiboles from 
amphibole-rich veins have the most enriched compositions in LREEs and amphiboles from 
relatively common clinopyroxenite xenoliths show a moderately enriched REE pattern (Vaselli et 
al., 1995, Coltorti et al., 2007b).  Interstitial amphiboles are frequent phases in the NGVF 
peridotite xenoliths.  They show a relatively wide compositional range with a slight depletion in 
LREEs, whereas amphiboles, occurring often in clinopyroxenite xenoliths, show the same REE 
pattern as those ones which are the most REE-enriched in the NGVF peridotite xenoliths.  
Amphiboles from the central part of the CPR (BBHVF, LHPVF) occurring as very rare 
interstitial phases in peridotite xenoliths, have a flat REE-pattern.  Based on major and trace 
element characteristics of these amphiboles, occurring either as interstitial phase in peridotites or 
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as constituent in veins or clinopyroxenite xenoliths, the metasomatic agents that produced them 
could have been volatile-bearing silicate melt which originated from either subducted slab or 
asthenospheric mantle (Szabó & Taylor, 1994, Kovács et al., 2004, Zajacz et al., 2007).  However, 
in several cases, textural equilibrium cannot be assumed as the amphiboles consume the 
surrounding mantle phases; the majority of the hydrous phases are chemically in equilibrium with 
the anhydrous mantle minerals in the peridotites as suggested by the calculated partition 
coefficients (e.g. Embey-Isztin, 1976, Szabó & Taylor, 1994, Szabó et al., 1995a, Vaselli et al., 1995, 
Vaselli et al., 1996, Bali et al., 2002, Kovács et al., 2004).   
Silicate melt accumulations in ultramafic xenoliths as silicate melt inclusions enclosed in the 
mantle minerals, and interstitial silicate melt veins and pockets, provide significant information 
on processes within the shallow subcontinental lithospheric mantle (Schiano & Bourdon, 1999).  
Studies on silicate melt inclusions entrapped in peridotite xenoliths of the CPR are rare, especially 
from the BBHVF2.  However, metasomatized upper mantle xenoliths from the NGVF contain 
“andesitic” and “basaltic” silicate melt inclusions hosted mostly in olivines and melt pockets 
interstitial to melt phases Szabó et al. (1996).  Petrographic and geochemical data suggest a 
common source for these distinctly different melt and/or fluid occurrences.  Of the possible 
origins for these melt accumulations, the one that is most consistent with the available data is a 
subduction-related, volatile-rich silicate melt that infiltrated and interacted with mantle minerals, 
causing cryptic and modal metasomatism in the peridotitic wall-rock and a progressive evolution 
of the melt composition to produce residual melts (Szabó et al., 1996).  Nevertheless, melt 
pockets in peridotite xenoliths are generally related to melting and breakdown of metasomatic 
amphiboles.  These amphiboles often went through mantle processes as they became source 
materials for the subsequent silicate melt pocket formation, which were reported in several 
xenolith locations in the central part of the CPR (Szabó et al., 1995a, Szabó et al., 1996, Embey-
Isztin & Scharbert, 2000, Bali et al., 2002, Demény et al., 2005), although Schiano & Bourdon 
(1999) summarized that the interstitial silicate melt pockets can be considered as open systems 
and their phases preserve only the last equilibrium state.  Detailed studies on the melt pockets, 
which are common in the BBHVF, LHPVF and NGVF, provided direct insight into the melting 
and crystallization processes and mechanism of mixing and migration of melts in the mantle.  
Results of geochemical analysis revealed that the melting of mantle amphibole (and coexisting 
clinopyroxene) played a significant role in the formation of these melt pockets even in those 
cases when the amphibole was completely missing from the assemblage of the studied xenoliths.  
Furthermore, in case of a few xenoliths from both the BBHVF and NGVF, external melts/fluids 
should be also assumed as the bulk composition of the melt pockets strongly differ from the 
mantle minerals (Szabó et al., 1996, Bali et al., 2002).  The trace element composition of the 
BBHVF melt pockets further shows strong enrichment in highly incompatible elements 
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displaying similar primitive mantle normalized patterns to the calc-alkaline andesites of the CPR, 
which suggest that melt/fluid phase was released from a suspected subducted oceanic slab (Bali et 
al., 2002, Bali et al., 2008a).  
According to fluid inclusion studies in the CPR xenoliths (e.g. Szabó & Bodnar, 1996, Berkesi, 
2007, Berkesi et al., 2007), basically two types of fluid inclusions have been observed in the upper 
mantle peridotites of the CPR: (1) negative crystal-shaped, 5-60 μm size, secondary or 
pseudosecondary, showing one liquid phase at ambient conditions having higher density and (2) 
tabular or elongated, 3-25 μm size, secondary inclusions showing one liquid or two, liquid and 
vapor, phases at ambient condition, having lower density (e.g. Szabó & Bodnar, 1996, Berkesi, 
2007, Berkesi et al., 2007).  The fluid inclusions are CO2-dominated, but results of room-
temperature Raman spectroscopy often suggest the presence of small amounts of H2S, especially 
in the peridotite xenoliths of the BBHVF (Berkesi, 2007, Berkesi et al., 2007).  Even though the 
fluid-phase equilibrium calculation suggest that H2O should be present in many fluid inclusion of 
the peridotite xenoliths of the CPR (e.g. Berkesi, 2007), direct evidence for molecular water have 
not been published yet3.   
Sulfide blebs and interstitial grains occurring in upper mantle peridotite and clinopyroxenite 
xenoliths are poorly studied although they preserve significant information about mantle 
processes such as partial melting and metasomatic enrichment.  However, a synthesis of 
petrographical and geochemical results of sulfide blebs in the CPR xenoliths reported by (Szabó 
& Bodnar, 1995, Falus, 2000, Török et al., 2003, Zajacz & Szabo, 2003, Szabó et al., 2004) 
provides an insight into the evolution of the mantle beneath the area studied.  Sulfide inclusions 
are not discussed in details here. 
As we have seen, due to the intensive research in the past few decades on deep lithospheric 
xenoliths, a solid basis is available on the general geochemical and petrophysical composition and 
evolution of the sub-continental lithospheric mantle beneath the CPR.  Behind the general 
features of the upper mantle results of studies on unique and special lithospheric fragments 
provided some useful information on several additional processes.  Nevertheless, mode and 
extent of deformation, melt percolation and metasomatism in deep lithospheric environments of 
the CPR are still fairly-known and more detailed studies are needed to complete the “jigsaw 
puzzle”.  Therefore, this study aims to provide (1) petrophysical and geochemical data on 
deformed spinel peridotites with flattened equigranular texture to reveal special deformation 
evolution processes, and (2) detailed geochemical analysis of amphibole-bearing spinel peridotite 
xenoliths in which coexisting silicate melt inclusions and fluid inclusions were found to shed light 
on the melt genesis, percolation, evolution and entrapment, as well as melt-wall rock interaction 
in the shallow lithospheric mantle beneath the central CPR.  However, the number of analyzed 
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samples is low, their complete and detailed analysis makes possible to draw conclusions on not 
only local, small-scale processes, but generalized observations as well.  
 
Figure 4 a-b Lithology and macroscopic view of the studied peridotites from the BBHVF. 
Amp: amphibole; Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel. (a) Xenoliths from all major 
alkali basaltic localities of the CPR and the studied peridotites in the Streckeisen diagram (Streckeisen, 1976).  
Reference database was compiled after Szabó et al. (2004 and references therein).  (b) Macroscopic view of the 






3.3.1 Xenolith petrography 
 
From the xenolith series of the BBHVF, three deformed peridotites (Szba-1, Szbd-15 and Szgk-
0301) and two metasomatized peridotites 
(Szg-07 and Szg-08) have been selected to 
study traces of deformation and chemical 
imprints of metasomatic melts/fluids, 
respectively.  
The size of the deformed peridotites of 
Szba-1, Szbd-15 and Szgk-0301 is smaller 
(maximum 3×4 cm in diameter) than the 
usual mantle xenoliths from the BBHVF 
(often 10×15 cm in diameter).  The shape 
of these deformed xenoliths is rounded or 
elongated (Fig. 4b) with visible 
macroscopic foliation and mineral 
lineation being defined by flattening and 
stretching of all mineral phases (Fig. 5a, 
Fig. 7).  Two of the three samples are 
spinel lherzolites (Szba-1 and Szbd-15), 
whereas one is spinel harzburgite (Szgk-
0301) (Fig. 4a, Table 3).  The grain size 
distribution is uniform, and the average 
grain size of both olivine and pyroxenes in 
the studied peridotites ranges from 
200×300 μm to 0.5×1.5 mm (Fig. 5a).  
The majority (80 %) of the olivines has 
200-400 μm size (Fig. 5a), whereas the 
orthopyroxenes are somewhat smaller with 
150-200 μm size (Fig. 5a).  The rock 
forming minerals of the peridotites have 
very strong shape preferred orientation 
(SPO), whereas no banding or veining was 
observed (Fig. 5a).   
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Figure 5 a-h Photomicrographs of the studied peridotites from the BBHVF. 
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Figure 5 (continued from previous page) Amp: amphibole; Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; 
SMP: silicate melt pocket; Spl: spinel.  Plane polarized light, (a) +N and (b-h) 1N.  (a) Flattened tabular equigranular 
fabric of the deformed peridotites as shown by xenolith Szgk-0301.  (b) Shape preferred orientation of silicate melt 
pockets in the Szbd-15 xenolith.  (c) Equigranular texture of Szg-07 spinel lherzolite with disseminated amphiboles 
surrounded by silicate melt pockets.  (d) Equigranular texture of Szg-08 spinel lherzolite with amphiboles veins.  (e) 
Rounded mineral boundaries among amphibole veins and the other mantle minerals, as well as olivine inclusion in 
large interstitial spinel from Szg-08 spinel lherzolite.  (f) Euhedral olivine inclusion in interstitial spinel.  Image is 
enlarged from (e).  (g) Clinopyroxene surrounded by amphibole vein and interstitial spinel in Szg-08 spinel lherzolite.  



































Figure 6 Grain size and aspect ratio distribution of olivine and orthopyroxene in the deformed peridotites of the 
BBHVF. 
n: number of analyzed grains. Aspect ratio is dimensionless and expressed as longest axis/shortest axis in 2D.   
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The CT analysis also support that the position of the minerals in the fabric of the peridotites is 
homogeneously dispersed (shown by olivines on Fig. 7).   
 
Figure 7 Photomicrograph and CT image of Szgk-0301 deformed spinel peridotite (BBHVF).   
(a) Photomicrograph showing the macroscopic foliation (black solid lines).  White dashed lines outline the 
approximate position of the (b) CT image.  (c) 3D CT image.  The isodensity contours show the heterogeneously 
dispersed olivine distribution in the rock.  The flattening of olivine shows the plane of the foliation, especially, in the 
upper left side of the picture.  The image was taken at the level of 3980 HU (Housefield Unit) with the window of 
230.  These values refer to the average surface density of olivine (3.22+1.32fe# [g/cm3]) after James et al. (2004).  
The orientation, scale and the presented volume of the peridotite are shown in (a). 
 
The rock-forming minerals are elongated (in the 2D sections) with a typical aspect ratio of 1:~3 
for olivine and 1:~2 for orthopyroxene (Fig. 6).  The minerals in all three samples (Szba-1, Szbd-
15 and Szgk-0301) are anhedral.  The grain boundaries in the studied deformed xenoliths are 
straight, and internal strain features are absent, or only rarely occur in olivines as widely spaced 
(100-150 μm) dislocation walls.  In Szgk-0301 xenolith the grain boundaries are slightly curved, 
but the mineral elongation is still well defined.  Foliations and lineations within the peridotites are 
defined by the alignment of spinel grains, however, the macroscopic long axis of the other mantle 
silicates (olivine, orthopyroxene, clinopyroxene) is subparallel to this lineation, whereas 
orientation of some orthopyroxenes is perpendicular to it (Fig. 5a).  Spinels are mostly 
interstitial, whereas in xenolith Szbd-15 they form rounded inclusions within orthopyroxenes 
0.1×0.3 mm in size.  In xenolith Szbd-15 melt pockets (i.e. pocket-shaped spaces, formed by in 
situ melting process, which consist mostly of glass, secondary clinopyroxene, spinel and olivine) 
appear, most probably associated with the melting of clinopyroxenes (Fig. 5b).  Melt pockets 
also show SPO, subparallel to the mineral lineation (Fig. 5b).  Moreover, they have straight, 
gently curved boundaries toward the adjacent minerals and their dimension is similar to that of 
the clinopyroxene.  Regarding the textural type, the studied xenoliths are not common in the 
BBHVF and were reported very rarely among the worldwide-studied upper mantle peridotite 
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suite.  Mercier & Nicolas (1975) called similar fabrics tabular equigranular; however they have not 
suggested a clear implication for those textures.  Based on the macroscopic characteristics of the 
constituent phases (and the later shown EBSD orientation analysis), we called the studied 
samples ‘flattened tabular equigranular’ textured peridotites. 
The metasomatized peridotites (Szg-07 and Szg-08) are rounded and 7-8 cm in diameter.  Sample 
Szg-07 is a clinopyroxene-poor and olivine-rich spinel lherzolite, whereas xenolith Szg-08 is a 
spinel lherzolite enriched in pyroxenes (Fig. 4, Table 3).  Both of them show equigranular 
texture (Fig. 5c-d) and display evidence for postdeformation recrystallization as small (up to 0.05 
mm in diameter), subhedral, light-brown (in Szg-08) or opaque (in Szg-07) spinel inclusions.  
Grains of the xenoliths are generally connected by triple junctions (Fig. 5c-d) and display no 
evidence for internal strain (non-undulatory extinction).  Olivine, orthopyroxene and 
clinopyroxene form isometric grains (up to 1.2 mm in diameter) showing linear or curvilinear 
boundaries (Fig. 5e).  A particular petrographic feature of both spinel lherzolite xenoliths is that 
they contain modal amphibole (Fig. 5c-d, Table 3).  Amphibole is disseminated interstitial phase 
in the amphibole-poor xenolith Szg-07 (Fig. 5c) but forms a continuous network in the 
amphibole-rich lherzolite Szg-08 (Fig. 5d).  Boundaries between the amphibole and the 
anhydrous silicates in Szg-08 xenolith are always concave (embayed), which is a clear indication 
for the replacement origin of amphibole (Fig. 5g-h).  In this xenolith the amphiboles typically 
surround large interstitial spinels (Fig. 5e), which contain small (20-30 μm) euhedral olivine 
inclusions (Fig. 5f).  It is a unique nature of both xenoliths that their clinopyroxenes are zoned.  
There are a large number of silicate melt inclusions and coexisting fluid inclusions in the rims of 
the clinopyroxenes (Fig. 14a, shown later).  Besides, silicate melt and fluid inclusions were also 
found along healed fractures in orthopyroxene (Fig. 14b, shown later) and, rarely, along healed 
fractures in olivine and spinel (especially in xenolith Szg-08).  An additional characteristic of the 
xenolith Szg-07 is the presence of low amount interstitial silicate melt pockets texturally related to 
the disseminated amphibole (Fig. 5c, Table 3).   
 
3.3.2 Fabric analysis 
 
Scanning electron microscope techniques were applied to obtain olivine orientation data.  
Automated electron backscatter diffraction (EBSD) allows rapid measurements of complete 
crystallographic orientations of the mineral grains of interest, with an angular resolution of about 
one degree and a spatial resolution of 1 μm (e.g. Prior et al., 1999).  Crystallographic preferred 
orientation (CPO) measurements were done on rectangular sampling grids and only orientations 
with high reliability of EBSD pattern indexing were used for calculations.  Pole figures of the 
three crystallographic axes were calculated and contoured using the careware software package of 
Mainprice (2005d, 2007).  Olivines in the deformed peridotites of Szba-1, Szbd-15 and Szgk-0301 
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have a characteristic CPO marked by the [010]-axes oriented parallel to the poles of foliation, 
whereas [100] and [001]-axes are diffused in the foliation plane without distinctive maximum 
(Fig. 8a).  This means a continuous dispersion of [100]- and [001]-axes along the plane of the 
foliation realized as girdles.  The development of CPO in the constitutent mineral phases 
indicates that dislocation creep was the principal deformation mechanism.  However, the 
development of this fabric cannot be attributed to any known olivine slip system.  Such fabrics 
are often addressed as ‘axial [010]’ and are found rarely in natural peridotites (Tommasi et al., 
1999).  Similar patterns are reproduced in experimental rock deformation and numerical 
modeling in axial shortening or classical transpression stress fields (Tommasi et al., 1999). 
The CPO of orthopyroxene is more scattered than that of the olivines (Fig. 8b).  The [001]-axes 
roughly follow the lineation, and show a single maximum, the [010]-axes exhibit a single 
maximum perpendicular to the foliation, (Fig. 8b).  The orientation distribution of [100]-axes are 
scattered, but several orthopyroxenes, especially in xenoliths Szbd-15 and Szgk-0301, show the 
expected (100)[001] “normal” CPO pattern, which is the only available slip-system under upper 




















Figure 8 a-b Crystallographic preferred orientation of olivine and orthopyroxene in the deformed peridotites of the 
BBHVF.   
Figure shown on the next page.  Pole figures are lower hemisphere equal area projections.  (a) Crystallographic 





3.3.3 Electron microprobe analysis of the constituent minerals for major elements  
 
Major element analysis of mineral phases in the xenoliths shown here was carried out in order to 
define the principal geochemical characteristics of segment of the mantle, represented by the 
studied peridotites.  
Generally, the mg# of mineral cores in olivines, orthopyroxenes and clinopyroxenes is almost 
constant (ol: 90.8-91.6; opx: 91.0-92.1; cpx: 92.2-93.3).  The NiO content of olivine is essentially 
the same (ranging from 0.36 wt% to 0.40 wt%), and concentration of CaO is 0.10 wt%.  
Clinopyroxenes in the deformed xenoliths are TiO2-poor (up to 0.18 wt%) and rich in Cr2O3 (up 
to 1.05 wt%) (Appendix 1).  The Al2O3 content of the clinopyroxenes is variable ranging from 
the highest (most fertile) composition of Szba-1 (4.54 wt%) to the lowest (most depleted) values 
of Szgk-0301 (2.89 wt%).  No chemical zoning was observed in the minerals of deformed 
xenoliths Szba-1, Szbd-15 and Szgk-0301, whereas the optical zonation of clinopyroxene in 
xenoliths Szg-07 and Szg-08 xenoliths was confirmed by electron microprobe analyses (Fig. 9, 
Appendix 1).  Besides, in xenolith Szg-08, not only clinopyroxenes but all phases show minor 
chemical zonation (Fig. 10-11, Appendix 1).  Clinopyroxene cores in these metasomatized 
xenoliths are homogeneous and have almost identical composition with mg# of ~91.05 
(Appendix 1).  In the clinopyroxene of the Szg-07 spinel lherzolite, the concentrations of Al and 
Na increase, whereas Ca and Ti and mg# decrease towards the rims (Fig. 9, Appendix 1).  In the 
Szg-08 xenolith the chemical variation is complicated and usually a transitional zone can be 
distinguished between the core and the rim (Fig. 9, Appendix 1).  A clear decrease in Si content 
and mg# can be observed from the core to the rim through this transitional zone, whereas the Al 
and Ti content increase (Fig. 9, Appendix 1).  A negative correlation between the Na and Al 
content can be observed in the rims, whereas these elements in the core and transitional zone 
show positive correlation (Fig. 9c).  The Ca vs. Al content show exactly the opposite features 
(Fig. 9b).  However, a linear correlation can be observed between Ti and Al, whereas Cr shows 
variable values against mg# (Fig. 9a, d). 
Orthopyroxene cores in the metasomatized peridotites display similar compositions (Appendix 
1) (mg#~90.9).  In the Szg-07 spinel lherzolite the orthopyroxene is homogeneous, with 
exception of a slight decrease in Cr and increase in Ca and Na contents at the rim (Appendix 1).  
In the Szg-08 spinel lherzolite the rim of orthopyroxene can be more clearly distinguished: 
besides Ca and Na, the highest Al and Ti concentrations were observed, whereas the rim shows 




Figure 9 a-d Variation diagrams in the major element compositions of clinopyroxenes from the metasomatized and 
deformed peridotites of the BBHVF. 
apfu: atomic per formula unit; mg#=100×[Mg/(Mg+Fe)].  Plots of (a) Ti [apfu] vs. Al [apfu], (b) Ca [apfu] vs. Al 
[apfu], (c) Na [apfu] vs. Al [apfu] and (d) Cr [apfu] vs. mg#.  Data for comparison are from the BBHVF after Downes 
et al. (1992), Embey-Isztin et al. (2003) and Falus (2004).   
 
Spinels both in the deformed and in the metasomatized peridotites show strongly variable 
composition with cr# ranging from 16.0 to 41.6 (Fig. 23, Appendix 1). 
The amphibole cores in xenoliths Szg-07 and Szg-08 are Al- and Mg-rich pargasites (Fig. 11a) 
which always contain F and elevated Ti (Fig. 11a-b, Appendix 1).  Amphiboles in Szg-07 
xenolith show no zonation as opposed to those in Szg-08 xenolith.  The F, Ti and Na contents of 
the amphibole rims in Szg-08 xenoliths are higher, the mg# and the Cr contents are usually lower 
than that of the cores (Fig. 11, Appendix 1).  There is a negative correlation between the K and 
Ca contents with a gradual depletion of K in the rims (Fig. 11d).  Furthermore, the highest Na 
and K contents are present in the cores and show a continuous depletion in both elements 
toward the rims (Fig. 11c, Appendix 1). 
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Figure 10 Typical major element variation [wt%, analyzed by EMPA] through an orthopyroxene and olivine profile 




Figure 11 a-d Variation diagrams in the major element chemical composition of amphiboles from the 
metasomatized peridotites of the BBHVF. 
apfu: atomic per formula unit; fe3+=Fe3+/(Fe3++AlVI), where Fe3+ and AlVI are apfu.  Plots of (a) Ti [apfu] vs. fe3+# 
for nomenclature of amphiboles according to Leake et al. (1997).  Data for comparison are from the BBHVF after 
Szabó et al. (2004).  (b) F [wt%] vs. Al2O3 [wt%], (c) K2O [wt%] vs. Na2O [wt%], and (d) K2O [wt%] vs. CaO [wt%].   
 
3.3.4 LA-ICP-MS analysis of constituent minerals for trace elements  
 
Trace element composition of the clinopyroxenes in the deformed peridotites of Szba-1, Szbd-15 
and Szgk-0301 is shown in Appendix 2.  Incompatible trace elements in clinopyroxenes of the 
studied xenoliths show Pb, Th and U values up to 1.91 ppm, 5.80 ppm, 1.42 ppm, respectively.  
Concentration of the HFSE (high field strength elements) Zr, Nb, Hf, Ta is up to 21.5 ppm, 0.58 
ppm, 0.64 ppm and 0.04 ppm, respectively.  Szbd-15 spinel lherzolite, however, shows an overall 
elevated trace element concentration, compared to other two deformed xenoliths.  Furthermore, 
clinopyroxenes in the particular sample are enriched (cf. C1 chondrites; Nakamura, 1974) in 
LREE (light rare earth elements) compared to HREE (heavy rare earth elements) (Fig. 12), 
which is indicated by their high LaN/LuN (0.79-11.80) ratios.  Szbd-15 spinel lherzolite is the most 
enriched in LREE, whereas Szgk-0301 spinel harzburgite is the most depleted in these elements 
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among the deformed peridotites studied (Fig. 12).  However, the latter still remains enriched in 
REE (1<) compared to the C1 chondrites (Nakamura, 1974).  Szba-1 spinel lherzolite shows a 
convex upward REE pattern (Fig. 12).  The REE pattern of the Szbd-15 spinel lherzolite is 
similar to those observed in equigranular peridotites from the BBHVF (e.g. Downes et al., 1992). 
Figure 12 C1 chondrite (Nakamura, 1974, McDonough & Sun, 1995) normalized REE+Y composition of 
clinopyroxenes in the deformed peridotites of the BBHVF compared to those of the peridotites studied previously 
(Downes et al., 1992). 
 
Trace element concentrations of pyroxenes and amphiboles of the metasomatized xenoliths of 
Szg-07 and Szg-08 are shown in Appendix 2.  The trace element concentrations of the 
clinopyroxene cores and rims in both xenoliths show similar distribution (normalized to primitive 
mantle;  McDonough & Sun 1995) with slight differences between the cores and rims (Fig. 13a).  
In both xenoliths, clinopyroxene display significant positive anomalies in Th and U content, 
whereas the LILE (large ion lithophile elements) Rb, Ba and Pb along with other HFSE (Nb, Ta, 
Hf, Zr, Ti) show negative anomalies.  Rims, particularly in Szg-08 xenolith, have a notable 
compositional variability and enrichment in highly and moderately incompatible trace elements 
(Fig. 13a).  The REE show a rather flat pattern (normalized to C1 chondrite; Nakamura, 1974), 
except the rims in Szg-07 xenolith displaying overall enrichment in LREE (Fig. 13b).  The 
LaN/YbN ratios are 1.44 (Szg-07) and 0.99 (Szg-08) in clinopyroxene cores and 5.81 (Szg-07) and 




Figure 13 a-f Primitive mantle (McDonough & Sun, 1995) normalized and C1 chondrite (Nakamura, 1974) 
normalized multielement and REE distributions of clinopyroxene, amphibole, and orthopyroxene of metasomatized 
peridotites from the BBHVF. 
 (filled triangle): Szg-07 mineral core;  (open triangle): Szg-07 mineral rim;  (filled circle): Szg-08 mineral core; 
 (open circle): Szg-08 mineral rim.  (a) Primitive mantle normalized multielement composition of clinopyroxene 
cores and rims.  (b) C1 chondrite normalized REE composition of clinopyroxene cores and rims.  (c) primitive 
mantle normalized multielement composition of amphibole cores and rims.  (d) C1 chondrite normalized REE 
composition of amphibole cores and rims.  (e) primitive mantle normalized multielement composition of 
orthopyroxene cores and rims.  (f) C1 chondrite normalized REE composition of orthopyroxene cores and rims.   
 
Amphiboles in peridotites Szg-07 and Szg-08 have negative anomalies in Th, U, Pb, Hf and Zr, 
whereas they are enriched in Rb, Ba, Nb and Ta (Fig. 13c).  Furthermore, Ti shows positive 
anomaly in Szg-08 but negative anomaly in Szg-07.  The overall trace element concentrations in 
Szg-07 amphibole are lower than those of Szg-08.  Besides this, rims of amphiboles in Szg-08 
xenolith show notably higher trace element concentration than those of cores.  Szg-07 
amphiboles do not show any trace element zonation (Fig. 13c).  Amphiboles in both xenoliths 
have flat REE pattern (Fig. 13d) (normalized to C1 chondrite, Nakamura, 1974) similarly to 
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those of clinopyroxene (Fig. 13b).  The LaN/YbN ratios of amphibole cores are 1.59 (Szg-07) and 
5.06 (Szg-08), whereas 3.38 for Szg-08 rims. 
Orthopyroxenes of xenoliths Szg-07 and Szg-08 are poor in incompatible trace elements 
(normalized to primitive mantle; McDonough & Sun 1995).  Some cores and especially rims of 
Szg-08 orthopyroxenes show slight enrichment in highly and moderately incompatible elements 
such as Th, U, Ba, Nb, La, Ce and Sr (Fig. 13e).  These cores and rims display concave upward 
pattern in the REE diagram (normalized to C1 chondrite, Nakamura, 1974) (Fig. 13f).  The 
LaN/YbN ratios of orthopyroxene cores are 0.10 for Szg-07 and 0.25 for Szg-08. 
 
3.3.5 IR-analysis of the constituent minerals  
 
The constituent minerals usually show a complex and broad IR absorption feature in the 3000-
3750 cm-1 range (e.g. Fig. 20b, shown later).  The Opx has three broad overlapping bands at 
3600, 3520 and 3420 cm-1, whereas Cpx has two major band at 3630 and 3450 cm-1.  The position 
of these bands is consistent with those identified in mantle xenoliths worldwide (e.g. Peslier et al., 
2002, Skogby, 2006, Grant et al., 2007) and from experiments in complex systems (Stalder et al., 
2005, Kovács et al., submitted) and are interpreted to be related to structurally bound OH- 
groups.  Quantification of these spectra shows that olivines possess the lowest water content (<5 
ppm), whereas clinopyroxenes show values ranging between 170-320 ppm in the deformed 
peridotites of Szba-1 and Szgk-0301 (Appendix 1).  In the metasomatized peridotites of Szg-07 
and Szg-08 Opx contains ~200 ppm H2O and Cpx has 350-500 ppm H2O, with no differences in 
the different xenoliths (Appendix 1). 
 
3.3.6 Silicate melt inclusion and fluid inclusion petrography  
 
Silicate melt inclusions and coexisting fluid inclusions were found in the metasomatized 
peridotites of Szg-07 and Szg-08.  In this study, the term fluid inclusions (hereafter addressed as 
FI) refers to individual, volatile-dominated inclusions, whereas silicate melt inclusions (hereafter 
addressed as SMI) are composed of glass + daughter minerals + exsolved volatile (vapor) bubble 
at room conditions. Applying the definition of Roedder (1984), both types of inclusions are 
considered to have trapped a fluid under upper mantle conditions.  Note that in this study we are 
only concerned with those FI that were entrapped at the same time as SMI.  Other fluid 
inclusions, mostly trapped along fractures and not associated with SMI, were ignored.  
Many primary (applying the definition of Roedder, (1984) SMI and associated FI occur in 
clinopyroxene rims (referred to as Cpx-hosted SMI or FI, respectively) however, the cores of 
clinopyroxenes do not contain primary inclusions (Fig. 14a).  Similar SMI and FI associations 
occur along healed fractures in orthopyroxenes (referred to as Opx-hosted SMI or FI, 
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respectively) but they are secondary inclusions relative to orthopyroxene formation (Fig. 14b).  
As observed in many other mantle peridotites worldwide, small (up to 15 μm), rounded or 
vermicular fluid inclusions, rich in CO2 vapor and/or liquid (at room temperature), often 
crosscut clinopyroxenes and orthopyroxenes (e.g. on the left side of Opx on Fig. 14b) (de Vivo et 
al., 1988, Szabó & Bodnar, 1996, Berkesi et al., 2007).  These inclusions represent a different 
environment and/or time of formation compared to the entrapment of SMI and FI studied here, 
therefore they are not considered in this study. 
The size of the Cpx-hosted and Opx-hosted SMI is similar and generally over 50 μm (Fig. 14c-f).  
Phases in melt inclusions are identical and independent of host mineral or xenolith.  Both Cpx-
hosted and Opx-hosted SMI consist of brown glass (70-90 volume %) containing tiny hydrous 
mineral needles (mica, max. 5 volume %), one or more fluid bubble(s) (10-30 volume %) and 
clinopyroxene (Fig. 14c-f, Fig. 15a-b).  Clinopyroxene occurs as crystallization on the walls in 
Cpx-hosted SMI (~10 volume %) (Fig. 14e) or as a daughter mineral in Opx-hosted SMI (~5-10 
volume %) (Fig. 14f).  The only petrographic difference between the Cpx-hosted and Opx-
hosted SMI is their shape.  The Cpx-hosted SMI always show irregular shape and a notable 
amount of clinopyroxene precipitation on the walls of the inclusions (Fig. 14e), whereas the 
Opx-hosted ones are almost drop-shaped (Fig. 14f).  SMI (usually those greater than ~70 μm) 
can be surrounded by a decrepitation halo, composed of one order of magnitude smaller sized 
SMI and probably FI (Fig. 14c). 
In most cases FI show a negative crystal shape (Fig. 14g-h), regardless of host mineral or 
xenolith.  There is no difference in size between the Cpx-hosted and Opx-hosted FI, which 
generally range up to 40 μm in diameter.  In almost every case FI contain a single phase at room 
temperature (Fig. 14h).  Large FI (>30 μm) are often decrepitated, resulting in the formation of 
decrepitation halos composed of one order of magnitude smaller FI in their vicinity (Fig. 14h), 







Figure 14 a-h Photomicrographs and back-scattered images of silicate melt inclusions and fluid inclusions entrapped 
in clinopyroxene and orthopyroxene of the metasomatized peridotites of the BBHVF.   
Figure shown on next page. Photomicrographs were taken at plane polarized light, 1N.  Cpx: clinopyroxene; FI: fluid 
inclusion; Gl: glass; Opx: orthopyroxene; SMI: silicate melt inclusion; Spl: spinel.  (a-b) Photomicrograph of silicate 
melt inclusion and fluid inclusion-bearing clinopyroxene (left) and orthopyroxene (right).  (c-d) Photomicrograph of 
silicate melt inclusions and fluid inclusions in clinopyroxene (left) and orthopyroxene (right).  Note the decrepitation 
halo around the larger silicate melt inclusion in clinopyroxene. (e-f) BSE image of silicate melt inclusion in 
clinopyroxene (left) and orthopyroxene (right).  Note the crystallization on the wall of clinopyroxene resulted in the 
ratty shape of the inclusion.  (g-h)  BSE image and photomicrograph of negative crystal-shaped fluid inclusions in 





Figure 15 a-d Histograms showing the distribution of the amount of fluid bubble [area%] and total of residual glass 
[wt%] in silicate melt inclusions of clinopyroxene and orthopyroxene of the metasomatized peridotites of the 
BBHVF.   
Green: Cpx-hosted inclusion; Brown: Opx-hosted inclusion. (a-b) Histogram showing the distribution of fluid 
bubble [area%] in the SMI in xenolith Szg-07 (a) and Szg-08 (b).  Area% values were recalculated to vol% using the 
empirical method of Roedder (1984) as shown later in the discussion.  (c-d) Histograms showing the distribution of 
electron microprobe analysis oxide totals [wt%] of residual glasses of SMI in xenolith Szg-07 (c) and Szg-08 (d).   
 
3.3.7 Electron microprobe analysis of residual glass of SMIs for major elements  
 
Major element compositions of glass are similar in the Cpx-hosted and Opx-hosted SMIs in 
peridotites Szg-07 and Szg-08 (Appendix 3).  The glass is always a residual phase of the original 
melt.  Most of the major elements such as Mg, Fe and Ca display rather low concentrations (Fig 
16a-g), whereas K and Na concentrations are high (Fig. 16h ,Appendix 3).  Al-contents increase 
with increasing Si-contents (Fig. 16d), but other elements do not show any correlation with Si 
content (Fig. 16).  Another characteristic compositional feature is the high P2O5 concentration 
(up to 3.57 wt%) (Fig. 16e, Appendix 3) and consistently low total values (~94 wt% in Szg-07 
and ~95 wt% in Szg-08) (Fig. 15c-d, Appendix 3).  Cl is always lower and Ti is generally higher 
in SMIs from Szg-08 compared to those of the Szg-07 xenolith.  The glass of SMIs in spinel 
possesses the highest Cl content (~0.7 wt%) in the Szg-07 xenolith (Fig. 16f).  The glass 
chemistry resembles an intermediate-slightly acidic melt showing mostly trachyandesitic, rarely 
andesitic, basaltic trachyandesitic, tephriphonolitic or phonolitic composition (Fig. 16h).  
Majority of the residual silicate glasses analyzed in SMIs of the Szg-07 xenolith (22 of 25 analyses) 
are quartz normative, whereas in Szg-08 SMI 16 of the 30 SMI analyses revealed quartz 
normative compositions as expected from such evolved compositions.  
Figure 16 a-h  Major element compositional variation of residual glass from silicate melt inclusions of the 
metasomatized peridotites of the BBHVF.   
Figure shown on next page. 
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Figure 16 (continued from previous page)  (open triangle): Cpx-hosted SMI in Szg-07;  (filled triangle): Cpx-
hosted SMI in Szg-08;  (open square): Opx-hosted SMI in Szg-07;  (filled square) Opx-hosted SMI in Szg-08;  
(open circle): Spl-hosted SMI in Szg-07;  (filled circle): Spl-hosted SMI in Szg-08;  (star): glass of silicate melt 
pocket in Szg-07.  Note that composition of glass Spl-hosted SMI and glass in silicate melt pockets are also shown, 
but due to the low number of analyses are not discussed in details in the text.  (a-g) Harker diagrams of residual glass 
from silicate melt inclusions.  (h) total alkali vs. silica (TAS, Le Bas et al., 1986) diagram of residual glass from silicate 





Figure 17 a-e Histograms showing the distribution of solid CO2 melting and homogenization temperatures in the 
metasomatized peridotites of the BBHVF.   
(a-d) Histograms of solid CO2 melting temperatures in Cpx- and Opx-hosted FI (a,c) and SMI (b,d) in the xenolith 
Szg-07 (a-b) and Szg-08 (c-d).  (e) Total homogenization temperatures vs. inclusion diameters for the Cpx- and Opx-
hosted FI in the xenoliths of Szg-07 and Szg-08.  See text for further details.  Tc: critical temperature of CO2.   
 
3.3.8 Microthermometry of FI and fluid bubbles of SMI 
 
Microthermometric experiments were conducted on the FI and on the fluid bubbles in SMI of 
the xenoliths Szg-07 and Szg-08.  At -100 °C the FI and the fluid bubbles in SMI contained a 
solid phase.  When the temperature is increased this solid phase melts at -56.6 °C (±0.5 °C) in 
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both the FI and the fluid bubble in SMI with no other observable melting events (e.g. that of 
clathrate) upon further heating, indicating that the studied fluid is mostly CO2 (Fig. 17a-d).  
The homogenization temperatures of FI show a continuous range from the lowest measured 
values of -37.7 °C (Szg-07) and -43.0 °C (Szg-08) up to the critical point of CO2 (+31.1 °C) (Fig. 
17e, Table 3).  This large range in Th is consistent with the petrographic observations related to 
the decrepitation of FI (Fig. 14h).  As a general rule, the smaller the FI, the lower the 
homogenization temperature (Fig. 17e), which is consistent with the experimental and theoretical 
studies of the effect of size on fluid inclusion reequilibration (Bodnar & Bethke, 1984, Bodnar et 
al., 1989, Sterner & Bodnar, 1989, Vityk & Bodnar, 1995).  Generally, the most inclusions 
homogenize to the liquid phase but in some cases homogenization to the vapor or by critical 
behavior could be also observed (Fig. 17e).  This range is independent of inclusion emplacement 
within the two xenoliths and there is no correlation of homogenization temperature with the 
petrographic features of the FI (i.e. Cpx-hosted or Opx-hosted) and the homogenization 
temperatures (Th) (Fig. 17e).  
The lowest homogenization temperatures indicate fluid densities of 1.10 g/cm3 (Szg-07) and 1.13 
g/cm3 (Szg-08) for the enclosed fluid (assuming pure CO2) (Table 3).  Such high density FIs were 
found in both Opx and Cpx and in both xenoliths (Fig. 17e).  Homogenization temperatures of 
the fluid bubbles of SMI could not be observed.  
 
3.3.9 High temperature heating of SMI 
 
Several attempts were made to homogenize Cpx-hosted and Opx-hosted SMI of xenoliths Szg-07 
and Szg-08 to establish the melting temperature of solid phases in the SMI.  During these high 
temperature experiments on both types of SMI, the silicate glass started to melt at ~850-900 °C.  
At ~1150 °C the glass was completely melted in every case (Table 3), however, the fluid bubble 
did not homogenize into the melted glass.  At 1200 °C the Cpx-hosted SMI decrepitated before 
complete homogenization of the fluid bubble.  In contrast, the Opx-hosted SMI did not 
decrepitate at the same temperature; however, similar to the Cpx-hosted SMI, the fluid bubble 
could not be homogenized into the melt at atmospheric pressure.  This behavior presumably 
reflects the fact that the pressure in the inclusion is lower than the original trapping pressure 
owing to the elastic expansion in the inclusion during heating and because the sample is under a 
confining pressure of one atmosphere compared to a pressure ( 1 GPa) when the SMI was 
trapped.  Similar observations have previously been reported for multiphase SMI in upper mantle 
xenoliths (e.g. Hansteen et al., 1991, Schiano et al., 1992, Szabó & Bodnar, 1996) and in other 





3.3.10 Raman spectroscopy of FI and SMI 
 
Although microthermometric data identified no volatile components other than CO2 in the FI or 
in the fluid bubble of SMI, low electron microprobe totals on the glass (Fig. 15a-b, Appendix 3) 
and the presence of hydrous minerals in the SMI (Fig. 14e-f) encouraged us to search for other 
volatile components, such as H2O, in the SMI and FI.  To accomplish this, we conducted Raman 
microprobe analyses at various run temperatures. 
 
Figure 18 a-b Representative Raman spectra of fluid inclusions from the metasomatized peridotites of the 
BBHVF.   
a.u.: arbitrary units; Cpx: clinopyroxene; Opx: orthopyroxene.  (a) Representative Raman spectra of FI in 
orthopyroxene at room temperature (green line) and  at -100°C (blue line).  (c) Representative Raman spectra of FI 
in clinopyroxene at room temperature (green line) and at -100°C (blue line). 
 
Raman analysis of the fluid bubbles of SMI at room temperature and at -100 °C led to similar 
results.  In each case, only the Fermi diad of CO2 was observed: however a slight but 
characteristic shift could be detected in the position of the peaks (Fig. 18, Table 4).  The shift 
correlated well with the change in the density of CO2 (1284±1.0 cm-1 and 1387±1.0 cm-1 for 
room temperature and 1280±0.8 cm-1 and 1386±0.9 cm-1 at -100 °C) (Table 4).  Densities of the 
CO2 fluid bubbles of the SMI were calculated using these spectra according to the method of 
Kawakami et al. (2003), who documented that the Fermi resonance splitting between the upper 
and lower bands increases with increasing density and confirmed the applicability of the method 
from room temperature to 200 °C.  We tested it on spectra taken at -100 °C, where it also 
appears to be valid (obviously the density cannot be used to determine an isochore because the 
bubble is not a single phase anymore).  The room temperature analyses resulted in CO2 densities 
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between 0.22 and 0.33 g/cm3 (Table 4), which indicate that CO2 is vapor at room temperature.  
There is no significant difference in the calculated CO2 density of fluid bubbles of either in the 
Cpx- and Opx- hosted SMI or between the two xenoliths (Table 4). 
Similar to the fluid 
bubbles in SMI, at 
room temperature 
only the Fermi diad 
of CO2 was 
observed in the 
Raman spectrum of 
FI, occurring at an 
average position of 
1283±1.5 cm-1 and 
1387±0.7 cm-1 (Fig. 
18, Table 4).  
Conversely, at -100 
°C, solid CO2 
shows a double 
peak at slightly 
lower wavenumbers 
(1280±0.6 cm-1 and 
1386±0.6 cm-1, 
similar to the fluid 
bubble in SMI), and 
a band appears at 
3000-3700 cm-1 
with a clear peak at 
3135±2 cm-1, as 
well as an additional 
peak at 2608±1.5 cm-1 (sometimes accompanied by a smaller one at 2331±0.8 cm-1) (Fig. 18).  
Based on our measurements on synthetic CO2-H2O fluid inclusions (Bodnar & Sterner, 1987), 
the band between 3000 and 3100 cm-1 corresponds to a CO2-H2O clathrate with molecular water 
in the cage.  Peaks at 2608 cm-1 (and 2331 cm-1) can be attributed to H2S according to the online 
Raman database of Bonelli & Frezzotti (2003).  Raman scattering cross sections are 0.75-1.13, 
3.51 and 6.8 for CO2, H2O and H2S, respectively, at room temperature (Schrötter, 1982).  The 
relative peak intensities are related to the scattering cross section and the instrumental efficiency 
(Burke, 1994) which is 0.9 for CO2, 1.0 for H2O and 1.0 for H2S at Virginia Tech (Bodnar, pers. 
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comm.).  This explains why a relatively small amount of H2S can produce significant peaks in the 
Raman spectra (Schrötter, 1982).  The concentration of H2S is interpreted to be even lower than 
that of H2O, which is also supported by the absence of peaks for H2S on some spectra. 
(Alternatively, H2S might not be uniformly distributed as some inclusions have it and others do 
not.)  
All Raman spectra that show C-O-H-S species in the FI were obtained from solid phases (e.g. 
H2O-CO2 clathrate and CO2-ice) thus, the distribution of the C, O, H and S components inside 
the FI at -100 °C is not homogeneous, hampering a precise quantitative determination.  At room 
temperature these species are likely distributed uniformly throughout the inclusion, however their 
concentrations are too low to be detected at these conditions.  Calculated densities of CO2 (after 
Kawakami et al., (2003) in the FI at room temperature range between 0.22 and 1.13 g/cm3 (Cpx-
hosted FI are usually slightly more dense ( =0.81-1.13 g/cm3) than the Opx-hosted ones 
( =0.22-0.96 g/cm3) (Table 4).  The majority of the room temperature densities of FI 
correspond to liquid CO2, with fewer inclusions having densities that correspond to vapor CO2 




3.3.11 IR spectroscopy of FI and SMI 
 
IR analyses were carried out to 
confirm the presence of species 
other than CO2 in the SMI and FI 
of xenoliths Szg-07 and Szg-08 
and to document the distribution 
of these species in the inclusions.  
Water content of the hosts was 
already discussed previously.  
A broad band at 3000-3750 cm-1 
that represents the absorption of 
H2O was detected in the IR 
spectra of the glass phase of Cpx- 
and Opx-hosted SMI (Fig. 19).  
However, this band is less 
complex than that of the host 
minerals (Fig. 20b).  A weak 
signal representing CO2 at 2344 
cm-1 was also detected that may 
originate from the fluid (Fig. 
19a).   
 
Figure 19 a-b Representative IR spectra 
of CO2 and H2O in the Opx-hosted 
fluid inclusions and in fluid bubbles of 
Opx-hosted silicate melt inclusions of 
the metasomatized peridotites from the 
BBHVF.   
(a) Representative IR spectra of CO2 in 
Opx-hosted FI and in the fluid bubble 
of Opx-hosted SMI.  Solid line with the lowest intensity indicates the host orthopyroxene having the least 
contribution of CO2 from the enclosed fluids. (b) Representative IR spectra of H2O in Opx-hosted FI and in the 
glass phase of Opx-hosted SMI.  Solid line with the lowest intensity indicates the host orthopyroxene and the peaks 
of its structurally bonded H2O.   
 
Hyperspectral images of the SMI also showed that the majority of H2O is incorporated in the 
glass (Fig. 20 f-g), whereas the fluid bubbles of SMI are composed mostly of CO2 (Fig. 20c-d).  
However it is noteworthy that the resolution of hyperspectral images, the overlapping of glass 
and fluid bubble and the concentration relation of H2O and CO2 in the fluid and glass phases did 







Figure 20 a-h  Representative IR hyperspectral image showing the distribution of CO2 and H2O in Opx-
hosted fluid inclusion and silicate melt inclusion of the metasomatized peridotites of the BBHVF.    
Figure presented on the previous page.  Opx: orthopyroxene.  (a) Photomicrograph of the analyzed area in 
orthopyroxene (plane polarized light, 1N).  (b) Representative IR spectra of the common hosts of FI and SMI in the 
two xenoliths.  (c-e)  Hyperspectral image showing the distribution of CO2 between FI and SMI in orthopyroxene.  
(f-h) Hyperspectral image showing the distribution of H2O between FI and SMI in orthopyroxene.  See text for 
further details.   
 
On the IR spectra of the FI, similar to that of the fluid bubble in SMI, a peak at 2344 cm-1 (Fig. 
19a) and a broad band between 3000 and 3750 cm-1 wavenumbers (Fig. 19b) are present, 
indicating the co-existence of CO2 and H2O in the analytical volume.  Fig. 20 shows the 
distribution of H2O and CO2 in an Opx-hosted FI and SMI.  Even if the absolute concentrations 
are not known, comparing the intensities on the hyperspectral images suggests that there may be 
more of CO2 in the FI than in the fluid bubble in the SMI, whereas there is more H2O in the 
glass of the SMI than in the FI (Fig. 20) as expected. 
 
3.3.12 LA-ICP-MS analysis of bulk SMIs for trace elements  
 
 
Figure 21 a-b  Primitive mantle (McDonough & Sun, 1995) normalized and C1 chondrite (Nakamura, 1974) 
normalized multielement and REE distributions of silicate melt inclusions in the metasomatized peridotites of the 
BBHVF.   
 (open star): Cpx-hosted SMI in Szg-07;  (filled star): Cpx-hosted SMI in Szg-08;  (open diamond): Opx-
hosted SMI in Szg-07;  (filled diamond): Opx-hosted SMI in Szg-08; Cpx: clinopyroxene; Opx: orthopyroxene.  
Note that whole inclusion was ablated and results are regarded as bulk compositions.  (a) Primitive mantle 
normalized multielement composition of silicate melt inclusions.  (b) C1 chondrite normalized REE composition of 
silicate melt inclusions.   
 
Trace element compositions of bulk SMIs in peridotites Szg-07 and Szg-08 are similar 
irrespective of their types (i.e. Cpx or Opx-hosted) (Appendix 4).  Both xenoliths have an overall 
enriched character with significant peaks at (Th-) U, La and Zr, a minimum at Hf compared to 
neighboring elements and a decrease in REE from La to Lu (Fig. 21a).  SMIs in the Szg-07 
xenolith show a steeper primitive mantle (McDonough & Sun 1995) normalized REE pattern 
than those of Szg-08 xenolith (Fig. 21a).  In the Szg-07 xenolith, the average La(N)/Yb(N) SMI is 
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~90 and ~60 for Cpx-hosted and Opx-hosted SMI, respectively.  Besides this, the Cpx-hosted 
SMI in Szg-07 clinopyroxenes have an overall elevated moderately incompatible and less 
incompatible trace element content compared to those in Opx-hosted SMIs.  The Cpx-hosted 
and Opx-hosted SMIs in the Szg-08 xenolith display no notable differences.  The La(N)/Yb(N) 
ratio for Cpx-hosted SMIs in xenolith Szg-08 is ~18.  The REE patterns of the Cpx-hosted and 
Opx-hosted SMIs presented in the two xenoliths intercept each other at elements from Pr to Nd 
(Fig. 21b). 
 
3.3.13 LA-ICP-MS analysis of FI for trace elements 
 
The goal of LA-ICP-MS analysis was to find out if the fluid enclosed in the FI was transporting 
any elements at the time of trapping.  We assume that any elements that were in the fluid at the 
temperature and pressure of trapping would now be deposited on the inclusion walls, because 
they would not be soluble in the fluid at room temperature.  Significant increases of intensities, 
above the background of the host Cpx or Opx, in some characteristic LIL elements (e.g. Ba, Rb, 
K, etc.) during inclusion ablation show that these elements only occur in analyses that include FI 
and the immediately adjacent host (i.e. the inclusion walls), nevertheless, these elements are not 
observed when the host away from FI is analyzed.  Among these elements, Ba was detected in 
every FI analysis, even though it is incompatible in the host pyroxenes.  Ba must have been in the 
fluid that was trapped as inclusions.  Therefore, Ba was selected for the internal standard and its 
concentration was set theoretically to 100 ppm.  We used Cr as a matrix only tracer to remove the 
contribution of the pyroxenes from the mixed fluid-host signal then quantified the element ratios 
in the residual signal.  These element ratios (referred to as semi-quantitative trace element 
compositions) are characteristic of the FI.  However, owing to the lack of an internal standard, 
the absolute concentrations cannot be calculated.  Data is summarized in Appendix 5. 
The semi-quantitative trace element compositions of the FI were normalized to primitive mantle 
composition (PM, McDonough & Sun, 1995).  The trace element distributions of both Cpx- and 
Opx-hosted FI (Fig. 22c-d) are similar to those of the SMI (Fig. 22a, 21), showing an overall 
enriched character with positive anomalies, especially in Th, U and Nb.  There is no difference 




Figure 22 a-d Primitive mantle (McDonough & Sun, 1995) normalized trace element distribution for fluid 
inclusions in the metasomatized peridotites of the BBHVF. 
* Note that the scale is the same for all diagrams, however the gray shaded regions (c,d) display element ratios and 
the trace element distribution as the FI cannot be quantified.  (a) Cpx- and Opx-hosted SMI from xenoliths Szg-07 
and Szg-08 (data from Fig. 21, absolute concentrations).  (b) Theoretical, hydrous, saline-free FI in equilibrium with 
Cpx- and Opx-hosted SMI of xenolith Szg07 and Szg08 (absolute concentrations; data calculated using the results of 
Keppler, 1996).  See text for details.  (c)  Trace element distribution in Opx-hosted FI in xenoliths Szg-07 and Szg-
08.  (d) Trace element distribution in Cpx-hosted FI in xenoliths Szg-07 and Szg-08.   
 
3.4 Characterization of the upper mantle beneath the BBHVF  
 
3.4.1 General physico-chemical properties of the upper mantle peridotites 
 
Based on the petrographic features and major element compositions (Fig. 9, Appendix 1), 
equilibrium can be assumed for cores of the orthopyroxene-clinopyroxene pairs in the deformed 
peridotites of Szba-1, Szbd-15 and Szgk-0301, as well as in the metasomatized peridotites of Szg-
07 and Szg-08. 
To estimate the equilibrium temperature of the studied xenoliths, the ‘two-pyroxene’ and ‘Ca-in-
Opx’ methods of Brey & Köhler (1990) were used at 1.5 GPa as suggested for spinel peridotites.  
The deformed peridotites (Szba-1, Szbd-15 and Szgk-03-01) show equilibrium temperatures of 
985-1035 °C (‘two-pyroxene’) and 945-1035 °C (‘Ca-in-Opx’) (Table 3), and similarly, the 
metasomatized peridotites (Szg-07 and Szg-08) also show moderate mineral core equilibrium 
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temperatures of 980-1060 °C (‘two-pyroxene’) and 1000-1010 °C (‘Ca-in-Opx’) (Table 3).  These 
results are similar to those of equigranular xenoliths from the same volcanic field (BBHVF) (e.g. 
Embey-Isztin et al., 1989, Downes et al., 1992, Szabó et al., 1995a).  
Based on the previous and recent studies on peridotite xenoliths from the Carpathian-Pannonian 
region (summarized in Szabó et al., 2004), a general physico-chemical feature of the sub-
continental lithospheric mantle beneath the BBHVF (central part of the CPR) was summarized in 
the introductory chapters of this thesis.  Clinopyroxene compositions, being sensitive lithospheric 
mantle rock forming mineral, show a continuous trend from the undepleted high Al (0.38) and 
Na (0.13) contents, related to protogranular and porphyroclastic xenoliths, to highly depleted Al 
(0.07) and Na (0.02) compositions (Fig. 9c).  The major element chemical compositions of 
clinopyroxenes from the selected peridotite xenoliths of this study fit this trend.  Clinopyroxene 
cores of the metasomatized metasomatized peridotites of Szg-07 and Szg-08 overlap with the 
protogranular-porphyroclastic field (Fig. 9c), whereas the deformed flattened tabular 
equigranular peridotites of Szba-1, Szbd-15 and Szgk-0301 can be seen close to the most depleted 
equigranular and secondary recrystallized peridotite xenoliths (Fig. 9c).  OSMA (Olivine-Spinel 
Mantle Array; Arai, 1994) plot of forsterite content of olivine vs. cr# of coexisting spinel also 
shows a wide geochemical variance of the BBHVF mantle xenoliths from “fertile” field to highly 
“depleted” area, data falling below or close to the 20 % partial melting line both in the deformed 
and in the metasomatized peridotites (Fig. 23).  The studied peridotites suggest that they went 






Figure 23  Relationship 
between the mg# 
(=Mg/Mg+Fe) of olivines 
(=forsterite content of 
olivine) and cr# 
(=Cr/Cr+Al) of spinels 
with calculated 
compositions of 20 % and 
30 % partial melting 
(OSMA diagram after 
Arai, 1994) of the studied 
peridotites from the 
BBHVF. 
 (blue diamond): deformed peridotites;  (red star): metasomatized peridotites.  Comprehensive database is from 
Downes et al. (1992), Embey-Isztin et al. (2003) and Falus (2004). 
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Among the trace elements, distribution of the REE (being the most sensitive element group to 
identify chemical changes during mantle processes) are generally used to depict such major 
geochemical processes as partial melting and mantle metasomatism, which cause characteristic 
depletion or enrichment in these elements, respectively.  Clinopyroxenes in peridotite xenoliths 
with equigranular and secondary recrystallized texture from the BBHVF show relative 
enrichment in LREE (Fig. 12), which is explained by fluid activity in the mantle beneath the 
Pannonian Basin (e.g. Downes et al., 1992).  In contrast, clinopyroxene from protogranular and 
porphyroclastic xenoliths have flat REE patterns, which refer to only slight enrichment in the 
LREE content (Fig. 12).  This minor geochemical modification could also be the result of high 
fluid activity (Downes et al., 1992).  The trace element composition of both the deformed and the 
metasomatized peridotites of this study suggest a complex geochemical evolution, in which early 
depletion in REE was followed by enrichment in LREE (Fig. 12-13).  The present REE content 
of the studied peridotites is not the same; however, it is likely that similar geochemical evolution 
affected them at different degrees.  The occurrence of melt pockets in the deformed Szbd-15 
xenolith implies intense melt/wall rock interaction (e.g. Bali et al., 2002 and references therein).  
However, the formation of these melt pockets is suggested to be a late, mostly in situ process 
(Bali et al., 2008a), with little or no influence to observed crystallographic preferred orientations.  
Nevertheless, the deformed peridotites of this study went through only cryptic metasomatism, as 
no new mineral phases were formed.  In contrast, the metasomatized peridotites of Szg-07 and 
Szg-08 experienced modal metasomatism (Fig. 5c-d, Table 3), which requires further discussion 
(shown later). 
All in all, the basic general physico-chemical properties of the selected peridotites fit in the 
general view of the upper mantle beneath BBHVF.  However, the deformed peridotites possess 
special physical information in addition to the general rheology of the sub-continental 
lithospheric mantle and, similarly, the metasomatized peridotites provide extra information on 
the special chemical features of the upper mantle beneath the region, which are to be discussed in 
details in the following chapters. 
 
3.4.2 Special physical properties shown by the deformed peridotites 
 
3.4.2.1 Origin of crystallographic preferred orientations 
 
The development of crystallographic preferred orientation (CPO) of minerals in mantle rocks is 
attributed to deformation related to major tectonic processes within the lithospheric mantle.  The 
regularities in olivine CPOs of the large number of mantle derived rocks combined with 
theoretical modeling enable kinematical interpretation of several CPO-types (e.g. Ben Ismail & 
Mainprice, 1998).   
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The studied xenoliths from the BBHVF have flattened tabular equigranular textures with straight, 
gently curved grain boundaries typical of dynamic (± static) recrystallization at high temperatures 
(Fig. 5a).  Major and trace element composition (Fig. 9, 12, Appendix 1-2), as well as 
equilibrium temperatures of the studied peridotites (Table 3) are unambiguously similar to the 
previously studied peridotite xenoliths with equigranular texture from the Bakony-Balaton 
Highland Volcanic Field (e.g. Embey-Isztin et al., 1989, Downes et al., 1992, Embey-Isztin et al., 
2003, Szabó et al., 2004), as it was discussed previously.  These features indicate that annealing 
could have also been a characteristic process in the lithospheric upper mantle portion represented 
by the studied xenoliths.  In fact, early xenolith studies from the BBHVF (e.g. Embey-Isztin et al., 
1989, Downes et al., 1992, Szabó et al., 1995a) demonstrated that equigranular xenoliths with 
statically annealed textures are quite abundant among the mantle xenoliths found in the central 
part of the CPR.  This suggests that annealing and static recrystallization affected considerable 
proportion of the lithospheric mantle beneath the studied region, which may have been related to 
thermal effects of asthenosphere doming (e.g. Stegena et al., 1975, Huismans et al., 2001) and also 
probably to the migration of metasomatic melts/fluids indicated by trace element compositions 
of equigranular mantle xenoliths (e.g. Downes et al., 1992 as shown on Fig. 12).  It is a relevant 
question how CPO of olivines and orthopyroxenes, generated during deformation prior to 
annealing, survived this static recrystallization.  Detailed fabric analysis on peridotite massifs (Van 
Der Wal & Bodinier, 1996, Vauchez & Tommasi, 2003), ophiolites (Dijkstra, 2001) and mantle 
xenoliths (Vauchez & Garrido, 2001) show effect of strong static recrystallization due to intense 
interaction with (hot) asthenospheric melt observed both in their textural and geochemical 
characteristics.  These studies clearly demonstrate that the original CPOs are well preserved after 
static recrystallization. 
The J-index, defined by Bunge (1982), is a commonly applied measure of fabric strength in the 
geological and materials science literature (e.g. Mainprice & Silver, 1993, Ben Ismail & Mainprice, 
1998).  By definition, the J-index ranges from unity (corresponding to a completely random 
fabric) to infinity (a single crystal fabric, perfect orientation).  Usually, mantle peridotites have 
olivine J-index in the range of 2-25 and vary rarely goes higher than 20 (Ben Ismail & Mainprice, 
1998).  Peridotite xenoliths of this study display extremely similar and strong olivine CPO (Fig. 
8a), with J-indices ranging between 18.8 and 23.6, which indicate extremely strong fabric (Table 
5).  The highest value is obtained in Szgk-0301 spinel harzburgite, whereas the smallest value is 
from Szbd-15 spinel lherzolite.  Strong CPO is unlikely to have formed as a consequence of static 
recrystallization because static recrystallization generally results in scattered crystal orientations 










Thus, it can be stated that the observed CPOs (both for olivines and orthopyroxenes) represent 
fabric that developed due to mantle deformation.  As it is shown on Fig. 8a olivines have a 
characteristic CPO marked by the [010]-axes oriented parallel to the poles of foliation, whilst 
[100] and [001]-axes show continuous girdles within the plane of foliation.  However, the 
development of this fabric cannot be attributed to any known olivine slip system, such fabrics are 
often addressed as ‘axial [010]’.  Olivine CPOs similar to that observed in the studied xenoliths 
were found rarely in other natural samples from ophiolites (e.g. Dijkstra, 2001, Dijkstra et al., 
2002, Michibayashi & Mainprice, 2004) and xenoliths from subcratonic lithosphere (e.g. Tommasi 
et al., 2000, Saruwatari et al., 2001, Vauchez et al., 2005).  Vauchez et al. (2005) argues that similar 
olivine orientations are formed when beside the (010)[100] slip system (Carter & Avé Lallemant, 
1970) the (010)[001] slip system also contributes to the deformation.  This is suggested to occur 
at high pressure corresponding to the lowermost upper mantle (Couvy et al., 2004), which is 
irrelevant in our samples that were derived from the shallow lithospheric mantle (~30-35 km 
estimated depth, according to the geotherm-plotted equilibrium temperatures of Table 3).  The 
presence of water could also activate the (010)[001] slip system (Jung & Karato, 2001, Karato et 
al., 2008).  However, based on the quantitative analysis of the rock forming minerals in the 
studied peridotite xenoliths, the H2O content is low in the olivines (<5 ppm, Appendix 1).  
According to Dijkstra (2001), the development of such orientation patterns is indicative of 
flattening.  Similar patterns are also reproduced in experimental rock deformation and numerical 
modeling in axial shortening or classical transpression stress fields (Tommasi et al., 1999) that are 
believed to be typical forces acting on the lithosphere in collision or collision-and-escape type 
geodynamic environments, respectively.  This could be a suitable explanation for the 
development of the special CPO in the studied olivines.  According to the results of Falus (2004), 
two vertically distinct domains should exist in the sub-continental lithospheric mantle beneath 
the BBHVF of which the shallower layer possesses very similar CPO distribution to the 
peridotites studied here.  
In orthopyroxene, dislocation glide is principally on (100)[001] (Coe & Kirby, 1975, Dornbush et 
al., 1994).  Some other slip-systems have also been found, e.g. (100)[010] and (010)[001] 
(Dornbush et al., 1994), however, their contribution to the accommodation of strain is less 
important.  Under upper mantle conditions, orthopyroxene could form ribbon-like grains, with 
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aspect ratios up to 100:1, if the direction of the deformation is convenient to the slip-system, but 
may also form nearly equi-axed crystals, if the orientation of the grains is unsuitable (Mainprice & 
Nicolas, 1989, Ishii & Sawaguchi, 2002).  In this study majority of orthopyroxene shows the 
“ideal” orientation and were deformed by the (100)[001] slip system within the plane of the 
foliation (Fig. 8b).  We suggest that the orthopyroxenes, not favorably oriented to the major 
strain did not go through significant intracrystalline deformation (with a typical “aspect ratio” of 
1; Fig. 6).  Whereas, in those grains where the direction of the (100)[001] slip system was 
favorably oriented to the major strain, intracrystalline deformation took place (Fig. 8b). 
As a conclusion, the deformed peridotites studied here have very similar crystallographic 
preferred orientation to most of the peridotites from the shallowest upper mantle beneath the 
central CPR (especially the BBHVF) and therefore, their source region is suggested to be the 
shallower horizontal layer in the sense of Falus (2004).  It should be noted that, although the 
CPO of olivine shows significant similarities, peridotites with such coarse grain size yet strongly 
foliated and oriented constituent minerals have never been described from the area.  Hence, the 
deformed peridotites studied here are not representative for the inferred shallower horizon either 
in macroscopic features or in fabric strength and regarded to be extreme manifestations of the 
general deformation regime in that shallower layer.   
 
3.4.2.2 Geodynamic implications of flattened tabular equigranular xenoliths and seismic 
anisotropy 
 
It is suggested that deformation microstructures in the shallow upper mantle developed as a 
result of collision and extrusion experienced by the lithosphere during Alpine orogenesis, 
probably after the Eocene.  Contrarily, the deeper portion of the lithospheric mantle seems to 
have only experienced a high temperature mantle (presumably asthenospheric) flow (Falus, 2004). 
This suggests that the shallow upper mantle beneath the CPR, from where the studied deformed 
peridotites derive, was already part of the deforming and extruding lithospheric section during 
Alpine collision, whereas the recent deeper lithospheric mantle has only become part of the 
lithosphere after extrusion tectonics, most likely during thermal cooling, probably in the Miocene 
(Falus, 2004).  However, the dating of the observed deformation patterns is ambiguous as we 
cannot link directly the suggested deformation events to the major tectonic stages of the region, 
neither in case of olivines, nor in orthopyroxenes. 
A linear shear wave passing through an anisotropic mantle is split into two orthogonal polarized 
components at different velocities.  The splitting can be represented by the polarization direction 
( ) of the fast component and the delay time ( ) between the fast and slow components.  The 
polarization direction is related to the orientation of the mantle deformation field and the delay 
time indicates the cumulative effect of travel length and anisotropic magnitude along raypath.  
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Hence, the shear-wave splitting measurement links the tectonic evolution and geodynamic 
processes of the upper mantle.  Seismic anisotropy in the upper mantle is the consequence of 
elastic anisotropy of the volumetrically dominant phases, mainly olivine and pyroxenes (e.g. 
Nicolas & Christensen, 1987).  Upon deformation, dislocation creep rotates the fast axes of 
olivine, the main component of the upper mantle, toward the shear direction.  Fast shear waves 
are polarized parallel to the lineation and the highest delay times are obtained for shear waves 
propagating within the foliation and normal to the lineation.  P wave propagation is fastest 
parallel to the lineation and slowest normal to the foliation.  The bulk fast direction of the mantle 
rocks is then mainly affected by the preferred orientation of olivine, giving rise to the bulk 
anisotropy (Savage, 1999).  The existence of seismic anisotropy in the upper mantle is a well-
known and recently well-studied phenomenon worldwide (e.g. Anderson, 1961, Nicolas & 
Christensen, 1987, Karato, 1992, Ribe, 1992, Mainprice & Silver, 1993, Artemieva et al., 2002).  
Since the velocity of seismic waves is mainly influenced by the strong orientation pattern, the 
mantle domain from where the studied deformed peridotites originate could cause particular 
seismic anisotropy in the upper mantle.  Based on Mainprice (2005c, 2005b), we have calculated 
seismic anisotropy of the mantle domain with the specific orientation pattern using Voigt-Reuss-
Hill averaging method (Fig. 24a, Table 5), which are maximum estimations (Vp=8.77-8.86 
km/s, AVs=8.59-9.07 %) (Table 5).  Nevertheless, they are extremes compared to other data 
worldwide (e.g. Vauchez et al., 2005 where Vs polarization anisotropy was 2.8-8.3 %), which is 
thought to be result of the very strong fabric of the studied peridotites (J-index: 18.1-28.9; Table 
5).  Preliminary results of shear wave splitting measurements from the CPR are available (e.g. 
Houseman et al., 2007, Houseman et al., 2008, Houseman et al., 2009).  Seismic anisotropy (SkS4) 
measurements reveal that in NW of the Carpathian-Pannonian region the fast direction is 
generally elongated EW, perpendicular to the shortening direction across the Alps.  Across the 
Vienna Basin the fast direction is NW-SE, perpendicular to the major bounding fault systems.  
Across the Pannonian Basin the dominant fast direction is EW, but in several locations the 
vectors are rotated toward NW-SE.  The Mid-Hungarian Zone is associated with abrupt changes 
in the azimuth of lithospheric anisotropy and crustal receiver function signature (Houseman et al., 
2008, Houseman et al., 2009) (Fig. 24b).  Beneath the central CPR delay times of ~1 s were 
observed (Houseman et al., 2008).  Based on our calculations, these delay times, under ideal 
conditions, will correspond to ~55 km thickness of upper mantle material that may be dominated 
by the physical properties of the studied deformed peridotites.  The peridotites studied here are 
extreme examples of the shallowest lithospheric mantle beneath the BBHVF, and according to 
the results of Falus (2004), the avearge degree of anisotropy in the shallower upper mantle is 
lower.  Therefore, we suggest that the anisotropy of studied xenoliths (Fig. 24a, Table 5) may 
                                                 
4 SkS travels as a P-wave in the outer core and as a S-wave in the mantle.  SkS has only one polarization coming out 
of the outer core. 
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contribute to the seismic anisotropy measured on the surface, nevertheless seismic anisotropy in 

































Figure 24 a-b  Calculated seismic anisotropy of the deformed peridotites of the BBHVF and measured seismic 
anisotropy in the CPR.   
Figure shown on next page.  (a) Calculated compressional velocity (Vp [km/s]) distribution, shear-wave anisotropy 
(AVs [%]) and the polarization of the fast split shear waves for the deformed peridotites based on measured fabrics 
of constituent mineral phases, using the software package of Mainprice (2003), indicating the maximum (filled 
square) and minimum (open circle) values and directions.  Minimum contours are shown as dashed lines. (b)  Results 
of seismic anisotropy measurements in the Carpathian-Pannonian region according to Meissner et al. (2002) (blue 
lines) and Houseman et al. (2007, 2008, 2009) (red lines).  Orientation of lines indicates the fast direction, whereas the 






3.4.3 Special chemical properties shown by the metasomatized peridotites 
 
3.4.3.1 Physico-chemical conditions of melt/fluid entrapment 
 
Presence of primary (in the definition of Roedder, 1984) SMIs in the rims of the clinopyroxenes 
allows estimating the crystallization temperature and pressure of clinopyroxene rims using the 
equations of Putirka et al. (1996) and Nimis & Ulmer (1998).  Putirka et al. (1996, 2003) published 
a geobarometer based on the Fe-Mg chemical equilibrium of clinopyroxene and the melt from 
which it had been crystallized.  Note that Falloon et al. (2007) pointed out systematic problems 
with this geothermometer.  However, the residual glass of the SMIs does not represent the 
original trapped melt as a certain amount of clinopyroxene crystallized onto the inclusion wall in 
case of Cpx-hosted SMI (and inside the inclusion in Opx-hosted ones) (Fig. 14c-f).  Based on 
our petrographic observations, the amount of this clinopyroxene is approximately 10% in Cpx-
hosted SMI (e.g. Fig. 14e-f).  The addition of 10 % rim-clinopyroxene composition to the silicate 
glass compositions leads to a suitable Fe-Mg distribution coefficient [KDFe-Mg in molar 
(FeOtot/MgO)cpx/(FeOtot/MgO)glass], comparable to that of the average value of 0.275±0.067 after 
Putirka et al. (1996, 2003).  Thus, the minimum crystallization temperatures for clinopyroxene 
rims (or entrapment temperature of SMI and coexisting FI) can be estimated using these 
compositions, even if the calculated temperature can only be regarded as a first order 
approximation.  In both xenoliths this temperature is at least ~200 °C higher compared to 
equilibrium temperatures of pyroxene cores (Szg-07: 1245 oC and Szg-08: 1200 oC, respectively) 
(Table 3).  During our melting experiments at 1 atm, the glass of both Cpx-hosted and Opx-
hosted SMI melted by ~1150 °C, even if the complete homogenization of the melt and fluid 
bubble was not achieved (Table 3).  The mismatch can be attributed to systematic variations 
present in the method of Putirka et al. (2003) as demonstrated by Falloon et al. (2007).  The 
crystallization pressure of clinopyroxene rims were estimated by the methods of Putirka et al. 
(2003) and Nimis & Ulmer (1998).  Both methods gave reasonable values of 1.6 GPa and 1.7 
GPa, respectively for xenolith Szg-07, however, unrealistically low numbers, corresponding to 
crustal level, for xenolith of Szg-08 (0.8 GPa and 1.1 GPa, respectively) (Table 3). 
The high crystallization temperatures and pressures are in agreement with those of silicate melt 
pockets studied from upper mantle xenoliths from the same volcanic field (Demény et al., 2004, 
Bali et al., 2008a).  It may be worthwhile to note that temperature estimations for the alkaline 
basalt of the same locality resulted in similar temperatures (1250-1325 °C) based on silicate melt 




3.4.3.2 Differences between the metasomatized peridotites 
 
Even though, the studied metasomatized peridotites originate from the same mantle portion as 
the common mantle xenoliths of the BBHVF (discussed previously), the two samples represent 
slightly different mantle environments.  Xenolith of Szg-07 shows stronger depletion in basaltic 
major elements (e.g. Ti, Al and Na; Appendix 1), indicating higher degree of partial melting than 
xenolith of Szg-08, but fall in the same field on the OSMA diagram (Fig. 23) as other xenoliths 
studied from the same volcanic area (e.g. Embey-Isztin et al., 1989, Downes et al., 1992; Szabó et 
al., 1995a).  All major element characteristics demonstrated by the cores of minerals show 
common features with peridotite xenoliths derived from the sub-continental lithospheric mantle 
worldwide (e.g. Downes, 1997, Griffin et al., 1999).  Both xenoliths went through a very similar 
recrystallization, showing akin equilibrium temperatures (Szg-07: 980-1000 °C; Szg-08: 1010-1060 
°C, Table 3), unstrained minerals and equigranular texture (Fig. 5c-d), similar to those of the 
equigranular textured xenoliths from the same volcanic field (Falus, 2004). 
The strong and intricate major and trace element zonation of clinopyroxenes (Fig. 9) in the 
studied xenoliths is an unusual geochemical feature in mantle rocks and has been reported 
occasionally as evidence of the disequilibrium state of the mantle rocks (e.g. Embey-Isztin et al., 
2001, Falus et al., 2006).  In these xenoliths this geochemical feature is combined with the 
presence of SMIs in the rim of clinopyroxenes (Fig. 14a) which is not a common petrographic 
feature in mantle xenoliths either.  As the rim of clinopyroxene would not contain any primary 
SMIs without melting and subsequent crystallization, it is highly likely that the melting of 
clinopyroxene was an in situ melting event in the mantle.  Melting could have been associated 
with interaction of a hotter metasomatizing melt similarly to those reported in several mantle 
xenoliths (e.g. Zinngrebe & Foley, 1995, Chazot et al., 1996, Szabó et al., 1996, Vannucci et al., 
1998).  The trace of such metasomatic reaction in both studied xenoliths is supported by the 
zoned rims of orthopyroxenes, particularly in xenolith Szg-08, which manifested in the 
enrichment of Ca, Na, Al, Ti and Fe relative to the cores (Fig. 10).  Besides this, a transitional 
zone in clinopyroxene of xenolith Szg-08 has also developed between core and rim showing 
elevated Na, Al, Fe and Ti content, as well as a slight enrichment in incompatible trace elements 
(Fig. 9).  The chemical inhomogeneity in orthopyroxene rims and transitional zones of 
clinopyroxenes resemble characteristic diffusion profiles (shown only for orthopyroxene in Fig. 
10).  Previous diffusion studies on clinopyroxenes proved that diffusion of Fe starts at ~1000 °C, 
whereas the diffusion of Al starts at a significantly higher temperature (>1100 °C) (e.g. Sautter & 
Harte, 1988, Sautter et al., 1988).  The calculated minimum crystallization temperatures of the 
clinopyroxene rims in xenoliths Szg-07 and Szg-08 are between 1200-1245 °C (Table 3).  This is 
a suitable temperature range for triggering diffusion of Fe and Al.  Diffusion studies of these 
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elements in orthopyroxene are rare; however the major element zoning of orthopyroxene in 
xenolith Szg-08 also suggests that the temperature was high enough to activate diffusion.  
All of these require a careful consideration of mantle interaction with a hot melt as metasomatic 
agent (Zanetti et al., 1996, Zanetti et al., 1999, Bali et al., 2002, Bali et al., 2007, Coltorti et al., 
2007a), which must have been responsible for partial melting and subsequent overgrowth of the 
mantle clinopyroxenes with simultaneous trapping of their petrogrpahically primary SMIs.  
 
3.4.3.3 Relationship between clinopyroxene and amphibole 
 
Trace element partitioning between amphiboles and clinopyroxenes provides information on the 
geochemical character of these coexisting phases and their chemical equilibrium or 
disequilibrium, as well as metasomatic enrichment processes and the nature of metasomatic agent 
(e.g. Vannucci et al., 1995, Chazot et al., 1996, Powell et al., 2004).  Disequilibrium between the 
anhydrous minerals is not a common feature in mantle rocks, whereas amphiboles are usually 
more enriched in trace elements than clinopyroxenes (Tiepolo et al., 2000, Tiepolo et al., 2001, 
Dobosi et al., 2003a, Downes et al., 2004, Kovács et al., 2004, Szabó et al., 2004).  
The observed chemical disequilibrium between cores and rims of clinopyroxenes in both 
xenoliths are indicative of a late-stage formation of clinopyroxene rims compared to cores by 
interaction between a trace element rich melt and mantle peridotite (e.g. Powell et al. 2004).  
Distribution coefficients for selected trace elements between amphibole cores and rims and 
clinopyroxene cores and rims were calculated (Fig. 25).  
In agreement with previous studies on mantle rocks containing coexisting clinopyroxenes and 
amphiboles (e.g. Tiepolo et al. 2000, 2001), in xenoliths Szg-07 and Szg-08 such LILE and HFSE 
as Rb, Ba, Nb and Ta are mostly concentrated in amphiboles.  Th and U, however, dominantly 
occur in clinopyroxene with an increased abundance in their rims (Fig. 25).  In both studied 
xenoliths, amphiboles and clinopyroxenes show slight REE enrichment (Fig. 13b, d).  
Furthermore, clinopyroxene has negative anomalies of Nb-Ta and Hf-Zr pairs, and Ti, whereas 
amphibole displays positive anomalies for Nb and Ta, and variable anomalies for Ti and Sr.  
Although the differences can be dominantly explained crystal chemical reasons, these 
geochemical features are characteristic for young lithospheric mantle which interacted with 
moderately REE-enriched silicate melt as Powell et al. (2004) pointed out in Australian xenoliths.   
Each calculated clinopyroxene-amphibole pair shows similar trace element distribution, except 
the amphibole core/clinopyroxene rim in Szg-07 xenolith, due to a general elevated trace element 
content of the clinopyroxene rim, apart from HREEs (Fig. 25).  In xenolith Szg-08 the REE 
partitioning of amphibole core/clinopyroxene core and amphibole rim/clinopyroxene core also 
demonstrates disequilibrium due to an overall REE-enrichment in amphibole core and rim 
compared to clinopyroxene core.  Furthermore, the REE partitioning of amphibole 
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core/clinopyroxene rim and amphibole rim/clinopyroxene rim resembles that of amphibole-rich 
clinopyroxene veins from the Carpathian-Pannonian region (e.g. Vaselli et al., 1995, Vaselli et al.,  
1996, Szabó et al. 2004, Coltorti et al., 2007), which did not reach the chemical equilibrium with 
the peridotite wall rock (Fig. 25).  In xenolith Szg-08, even the amphibole core is enriched in 
LREEs and MREEs compared to clinopyroxene rim (Fig. 25).  This suggests that crystallization 
of clinopyroxene rim took place prior to crystallization of the amphibole.  The presence of 
amphibole in the Szg-08 xenolith can be regarded as a result of a young metasomatic process 
related to mafic melt similar to the host basalt as previous studies concluded (Embey-Isztin 1976, 
Embey-Isztin et al., 1993).  Formation of this amphibole was associated with consumption of 
anhydrous mantle minerals including the newly formed clinopyroxene rims, as the textural 
features clearly show (Fig. 5c, g-h). 
Figure 25  Clinopyroxene core and clinopyroxene rim normalized trace element pattern of amphiboles from the 
metasomatized peridotites of the BBHVF.   
Amphibole/clinopyroxene partition coefficients for peridotites of the Carpathian-Pannonian region, except the 
BBHVF after Szabó et al. (2004 and references therein) and amphibole/clinopyroxene partition coefficients for 
amphibole-bearing pyroxenites of the East-Transylvanian Basin (after Vaselli et al., 1995) and Styrian Basin Volcanic 
Fields (after Vaselli et al., 1996, Coltorti et al., 2007) are also indicated.   
 
The REE partitioning between the amphibole core and clinopyroxene core in xenolith Szg-07 
suggests a chemical equilibrium that cannot be recognized in the case of amphibole 
core/clinopyroxene rim due to an enrichment of REEs in the clinopyroxene rim (Fig. 25).  The 
equilibrium between mantle clinopyroxene and metasomatic amphibole can be established when 
the amphibole becomes re-equilibrated chemically with the mantle or the amphibole-forming 
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metasomatic melt.  The metasomatic melt is impoverished in highly incompatible elements due to 
reaction mostly with mantle clinopyroxene during its percolation in the depleted mantle (Ionov et 
al., 2002).  Note that in xenolith Szg-07 amphiboles are present in low modal abundance (~1 
vol%, Table 3) and they are always surrounded by melt pockets (Fig. 5c).  During late mantle 
events, amphibole can go through in situ melting, which can produce melt pockets in other 
hydrous xenoliths from the BBHVF, and locations worldwide (e.g. Stosch & Seck, 1980, Wilson 
& Downes, 1991, Chazot et al., 1996, Szabó et al., 1996, Vannucci et al., 1998, Schiano & 
Bourdon, 1999, Bali et al., 2002).  Even if this amphibole had an enriched rim, which would have 
melted into the melt pocket, it is highly likely that formation of the amphibole core (and rim) was 
followed by formation of the clinopyroxene rim.  
The previously discussed interaction between mantle spinel peridotite and alkaline mafic melt is a 
common mantle process that can also produce pargasitic amphibole (Powell et al., 2004).  
However, pargasitic amphibole is stable only at lower temperatures (<1100 oC, e.g. Wallace & 
Green 1988, Niida & Green, 1999) than the suggested melting and subsequent crystallization of 
clinopyroxenes.  Based on textural and geochemical features, the Szg-07 amphibole must have 
formed earlier than the clinopyroxene rim.  This type of amphibole shows clear evidence for 
geochemical re-equilibration or for crystallization from highly interacted and depleted mafic melt 
(Ionov et al., 2002).  In contrast, the Szg-08 amphibole is clearly related to a late-stage process as 




3.4.3.4 Origin of SMIs 
 
The petrographic and geochemical nature of silicate melt inclusions suggests their complex 
evolution.  In both xenoliths, the petrographic observations indicate that the glass of Cpx-hosted 
SMI showed typical embayed shapes as an evidence for significant post-entrapment 
crystallization on the host clinopyroxene (Fig. 14c, e) (e.g. Danyushevsky et al., 2000).  However, 
orthopyroxenes (and rarely spinels) contain drop-shaped SMI, which show no notable 
crystallization on the wall of the host minerals (Fig. 14d, f).  In both xenoliths the glass Cpx-
hosted and Opx-hosted SMI is identical, mostly trachyandesitic in composition, with low MgO 
( 2.52 wt%), FeO ( 3.10 wt%), CaO ( 6.44 wt%), and high total alkali ( 13.2 wt%), P2O5 
( 3.57 wt%) content (Fig. 16).  Furthermore, the low total values of the residual glass (Fig. 15c-
d, Appendix 3) and presence of fluid bubble in SMI (Fig. 14c-f), as well as the presence of 
coexistent CO2-rich fluid inclusions (Fig. 14a-b, g-h) indicate the originally high volatile content 
of the reagent silicate melt.  Based on these petrographic and geochemical features, it is obvious 
that silicate melt, occurring either as Cpx-hosted or Opx-hosted SMI should have derived from 
the same melt source.   
The genesis and evolution of silicate melt, finally entrapped as SMIs and FIs in the pyroxenes of 
the metasomatized peridotites of the BBHVF can be summarized as follows (Fig. 26).  The 
development of clinopyroxene zonation cannot be separated from the melt inclusion formation 
as these zones serve as host for the inclusions.  It is clear that presence of distinctly zoned 
clinopyroxenes in the studied xenoliths is the result of an interaction between migrating silicate 
melt and the mantle.  This silicate melt must have been undersaturated in clinopyroxene; 
otherwise the mantle clinopyroxenes could not have partially melted.  Due to probable 
subsequent cooling, the melt, previously enriched in clinopyroxene components, likely reached 
clinopyroxene saturation, which resulted in crystallization of the clinopyroxene rims (Fig. 26).  
Simultaneously, continuous trapping of melt led to formation of Cpx-hosted SMI with primary 
petrographic features in the crystallizing clinopyroxene rims (Fig. 26).  During cooling some 
clinopyroxene crystallized onto the inclusion walls.  Accordingly, the trapped melt became 
depleted in basaltic components and finally these highly fractioned evolved melt drops solidified 
as glassy materials in embayed shapes containing immiscible CO2-rich bubbles (Fig. 14c-f), as 
well as dissolved volatiles (Fig. 20).  This process explains the presence of highly evolved 
trachyandesitic silicate glass in the primary SMIs (Fig. 16h).  It is important to emphasize that 
lack of resorption of orthopyroxene and the overall chemical homogeneity of olivine and 
orthopyroxene indicates that these minerals were not involved in the remelting process in 
significant amounts.  However, a slight interaction could have happened between orthopyroxenes 
and the melt shown by the zoned orthopyroxene profile in Szg-08 xenolith (Fig. 10).  
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As the whole silicate melt inclusion was ablated during LA-ICP-MS analysis the trace element 
pattern of SMIs (Fig. 21) provides the bulk composition of the trapped melt regardless of the 
amount of crystallized material on the inclusion walls (Halter et al., 2002).  The trace element 
composition of the SMIs in both xenoliths resembles those of mafic melts forming by the low-
degree partial melting of garnet peridotites.  The trace element composition of Szg-08 SMIs 
resembles the alkaline basalt of the BBHVF (Embey-Isztin et al., 1993).  In SMIs of the Szg-07 
xenolith, however, the melt shows a steeper REE pattern compared to the BBHVF alkali basalt.  
Origin of silicate melts with similar geochemical imprints in peridotites is usually explained by the 
interaction of migrating melts and peridotitic wall rock as discussed in e.g. Zinngrebe & Foley 
(1995).  A possible explanation for the disagreement between the trace element compositions of 
clinopyroxene rims and their SMI can also be a model dealing with multiple melt mixing and 
melt-wall rock interaction, which finally resulted in the formation of the SMIs presented here.  In 
such scenario, the original alkaline mafic melts became enriched in SiO2.  It might have happened 
if the melt, migrating upwards, dissolved orthopyroxenes in the mantle lithosphere (Fig. 26).  
However, this process itself cannot produce clinopyroxene-undersaturated (and quartz-
normative) melt compositions, even if we assume high mantle/melt ratio and a slow melt 
migration rate.  SiO2 enrichment can only be explained if we consider the incorporation of a 
quartz-normative siliceous melt derived from an external source as quartz-normative silicate 
melts cannot be produced by the partial melting of either dry or wet mantle peridotites at upper 
mantle pressures (e.g. Kushiro, 1969, Falloon et al., 1997).  A possible candidate for this siliceous 
component could be a mantle portion previously metasomatized by a silicic slab-derived melt 
similar to those represented by silicate melt inclusions occurring in a quartz-bearing upper mantle 
xenolith described by Bali et al. (2008b) from the same locality.  Note that silicate melt of Bali et 
al. (2008a), shows strong negative anomalies of Nb, Ta and Sr which are not present in the 
studied SMIs.  However, the presence of such a xenolith might indicate the slab melting took 
place in the underlying upper mantle of the BBHVF, during which various melts may have 
formed depending on the depth of melting and the composition of the subducted slab and 
sediments.  If this scenario is valid for the formation of SMIs an asthenosphere-derived alkaline 
silicate melt with trace element composition similar to the host basalt should have been migrating 
toward the surface and during its migration should have interacted with a Si-rich, potentially 
quartz-bearing, mantle portion, as described above, which modified primarily its major element 
composition (Fig. 26).  This reaction may have produced an evolved melt, which might have 
become temporarily undersaturated in clinopyroxene but stayed saturated in orthopyroxene with 
further decompression during migration into the mantle segment of the studied peridotites (Fig. 
26).  In this domain this evolved melt, due to its chemical nature (undersaturation in 
clinopyroxene, elevated CO2-rich fluid content) and thermal effects, triggered the melting of 
clinopyroxene and filled the cracks and fractures of orthopyroxene (and rarely the other mantle 
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minerals, e.g. spinels) (Fig. 26).  Petrographic and geochemical features of the mantle 
clinopyroxenes indicate that their melting was not complete, and original, SMI-free cores 
survived the interaction.  This finding, along with the compositional homogeneity of SMIs (Fig. 
16, 21), suggests that the interaction was a unique event in a dynamic system and the reacting melt 
was partially entrapped as SMIs (Fig. 26).  After the cessation of this interaction clinopyroxene 
rims crystallized onto the unaffected cores and fractures of orthopyroxenes (and spinels) healed 
to enclose droplets of this evolved melt.  Small chemical inhomogeneities in the SMIs (e.g. Fig. 
16) are the result of post-entrapment crystallization and the formation of daughter minerals inside 
























Figure 26  Summarized six-stage formation of the studied metasomatized peridotites and evolution of the 
C-O-H-S bearing silicate melt from the BBHVF.   
Figure shown on next page.  Stages 1 to 5 are supposed to take place in deep lithospheric environment.  Conversely, 
Stage 6 is the result of sudden drop of pressure (and temperature), due to the uplift of xenoliths to the surface.  Note 
that (1) formation of amphibole veins in Stage 5/c, as a result of later event(s), is not related to the entrapment of FI 
and SMI, and (2) Stage 5/c is only valid for xenolith Szg-08.  Volatile (fluid)-melt immiscibility, trapping and post-
entrapment processes of FI and SMI before the uplift shown in the pale yellow-shaded box.  See text for further 






3.4.3.5 Evidence for coeval and cogenetic mantle origin of coexisting SMIs and FIs 
 
SMI and FI occur in the same textural positions in the rims of clinopyroxene (as ‘primary’ 
inclusions, Fig. 14a) and along healed fractures in orthopyroxene (as ‘secondary’ inclusions, Fig. 
14b).  Compositional and textural evidence indicates that the the two different fluids (silicate melt 
and CO2-rich volatile) were generated by volatile-melt immiscibility, and the textural positions 
and equilibrium features indicate that the entrapment of these immiscible phases occurred 
simultaneously.  In the following paragraphs we summarize the Raman, FTIR and trace element 
results that support this interpretation.  We will focus on the evolution of the melt prior to and 
after its entrapment to shed light on the significance of coexisting SMI and FI in mantle 
peridotites.  As described by the model shown before (Fig. 26) related to the origin of the 
siliceous melt, the evolved, volatile-bearing melt (referred to here as parent melt) migrated from 
the deeper mantle towards shallower levels beneath the Pannonian Basin.  This melt finally 
reached the depth from which the studied peridotites were erupted and interacted with mantle 
wall-rock by melting clinopyroxene rims, as well as filling fractures in orthopyroxenes (and rarely 
olivine and spinel), while having been entrapped as primary inclusions in clinopyroxene rims and 
as secondary inclusions in orthopyroxenes.  This model is consistent with the observation that 
the temperature in the rims of clinopyroxene is higher than that in the cores (Table 3) (i.e. higher 
temperature is required for clinopyroxene melting).  
Questions arise however, concerning the lithospheric levels where the entrapment occurred and 
whether the SMI and FI can be the result of impregnation by the host basalt upon uplift to the 
surface.  Melting of the rim of clinopyroxene is revealed by the presence of primary FI and SMI 
in the newly forming clinopyroxene.  Extrapolating the isochores corresponding to CO2 densities 
in the FI to the estimated trapping temperatures of the inclusions in Szg-07 (1000-1210 °C) and 
Szg-08 (1010-1160 °C) provides minimum entrapment pressures of 0.84-0.99 GPa and 0.91-1.01 
GPa, respectively (Table 3).  These pressures are in a good agreement with the estimated 
pressures during crystallization of the clinopyroxene rims, calculated using the methods of 
Putirka et al. (1996) and Nimis & Ulmer (1998) (Table 3).  Furthermore, such high density (>1 
g/cm3) CO2–rich fluid inclusions in mantle peridotites worldwide are usually interpreted as 
remnants of fluid entrapped at mantle conditions (e.g. Roedder, 1984, de Vivo et al., 1988, Schwab 
& Freisleben, 1988, Hansteen et al., 1991, Frezzotti et al., 1992, Szabó & Bodnar, 1996, Berkesi et 
al., 2007, Frezzotti & Peccerillo, 2007).  The highest density CO2 in studied FI (Table 3-4) 
proves that the entrapment of FI (and therefore the SMI) also took place at upper mantle 
pressures (and depths).  Negative crystal shape, as displayed by the majority of our FI (Fig. 14g-
h), is a monitor of the maturation of the FI and is usually regarded to be the result of textural 
equilibration between the enclosed fluid and the host mineral (e.g. Viti & Frezzotti, 2000), which 
is a relatively slow process (Clocchiatti, 1975, Roedder, 1984) and cannot take place in the rapidly 
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uprising basaltic magma.  Szabó & Bodnar (1996) calculated magma ascent rates to estimate how 
long it takes for mantle xenoliths to be transported from the upper mantle to the surface during 
an explosive eruptive event.  The residence time for upper mantle xenoliths from Nógrád-Gömör 
Volcanic Field (N-Hungary) in the host magmas was ~37.5 hours (Szabó & Bodnar, 1996), which 
is probably insufficient time to form negative crystal shaped FI.  Achieving a negative crystal 
shape is also less likely when there is a large pressure difference between the interior and exterior 
of the FI, as would occur during transport to the surface (Bodnar, 2003).  Comparing the density 
values of Cpx- and Opx-hosted FI, CO2 show no notable differences (Fig. 17e, Table 3-4) 
which is consistent with the supposition that there is no genetic difference between the 
entrapment of petrographically primary and secondary FI and, consequently, coexisting SMIs.  
The similar fluid compositions and densities in the FI correlate well with the chemical 
homogeneity of the SMI in the different host minerals and point again toward the migration and 
entrapment of melt and fluid with a similar origin in the different host minerals. 
 
3.4.3.6 C-O-H solubility in the parent melt 
 
In order to confirm the common origin of SMIs and FIs, we estimated the concentration of 
volatiles dissolved in the silicate melt and then compared these values to the results of 
experimental studies under upper mantle conditions.  
Results of IR analyses indicate that the majority of CO2 in the SMI is present in the fluid bubble, 
whereas the H2O is mostly restricted to the solid phases (mainly glass) of the SMI (Fig. 20).  The 
density range of the fluid bubbles of SMI was calculated from the Raman spectra (0.22-0.33 
g/cm3; Table 4).  The density of the glass of the SMI (2.35-2.54 g/cm3) was calculated as 
described by Nelson & Carmichael (1979) using their partial molar volumes for melts at 1300 °C.  
Applying the average area percent of the fluid bubbles inside the SMI (Szg-07: 16.4 area%; Szg-
08: 18.0 area%) (Fig. 15a-b), the volume ratio of the fluid bubble was estimated by the empirical 
observation of Roedder (1984) (Szg-07: 9.4 vol%; Szg-08: 11.0 vol%).  Using mass balance 
constraints, based on the volume proportion of the inclusion occupied by the vapor bubble, the 
melt trapped originally would have contained 1.0-1.3 wt% CO2 in xenolith Szg-07 and 1.1-1.6 
wt% CO2 in xenolith Szg-08.  According to the results shown here, the solid phase in both type 
of SMIs composed of residual glass, ~10% clinopyroxene (either as wall crystal in Cpx-hosted 
inclusions or as daughter minerals in Opx-hosted ones) and mica (<1%) (Fig. 14e-f).  The H2O 
concentrations in parent melt were calculated by the deficit of electron microprobe totals of 
residual glass+10% clinopyroxene with respect to 100 wt%.  Morgan & London (1996) and 
Acosta-Vigil et al. (2003) have shown that using the above method the accuracy of H2O by 
difference is comparable to the absolute H2O concentration in the range of 2-10 wt% (with 10-
20% relative error).  In our calculations we estimated ~4.5 wt% H2O for xenolith Szg07 and ~3.1 
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wt% H2O for xenolith Szg08.  Szabó et al. (1996) estimated 1.55 (±0.13) wt% CO2 and 2.24 
(±1.2) wt% H2O content for basaltic and andesitic silicate melt inclusions of upper mantle 
xenoliths from the Nógrád-Gömör Volcanic Field (N-Hungary), which are in a good agreement 
with our estimations (Fig. 27).   
Figure 27  Estimated volatile 
content of SMI in the two 
metasomatized peridotites of 
the BBHVF. 
White stars denote the studied 
peridotites.  Error bars, if not 
indicated, are comparable to 
the size of the symbols.  
NGVF: calculated 
composition of natural basaltic 
and andesitic silicate melt 
inclusions from upper mantle 
xenoliths of Nógrád-Gömör 
Volcanic Field (N-Hungary) 
(Szabó et al., 1996).  1: Dacite 
1250 °C, 0.5 GPa (Behrens et 
al., 2004); 2: Andesite 1100-
1300 °C, 0.2 GPa 
(Botcharnikov et al., 2006); 3: 
Andesite 1100-1300 °C, 0.5 
GPa (Botcharnikov et al., 
2006); 4: Icelandite (andesite) 
1400 °C, 1 GPa (Jakobsson, 
1997); 5: Alkali basalt 1150 °C, 






Previously we interpreted the SMIs as enclosed droplets of a basaltic trachyandesitic parent melt 
(at least in terms of its alkali vs. SiO2 content).  The existing datasets in C-O-H solubility in 
magmas of intermediate compositions cover a relatively wide range of temperatures and 
pressures relevant to natural conditions (e.g. Blank et al., 1993, Holloway & Blank, 1994, 
Jakobsson, 1997, King & Holloway, 2002, King et al., 2002, Botcharnikov et al., 2006, 
Botcharnikov et al., 2007).  These results indicate that in andesitic-like compositions, CO2 and 
H2O tend to behave the same way at different pressures and the only difference is the increased 
concentration of dissolvable volatiles toward higher pressures (as expected).  Our calculated 
values fall close to the CO2 vs. H2O trend lines 1.0 GPa for icelandite (andesite) of Jakobsson 
(1997) (Fig. 27).  On one hand, this proves that high pressure is required for the CO2+H2O 
volatiles to be partially or totally solved in the melt.  On the other hand, our estimations correlate 
well with the results of experimental studies and can be regarded as minimum values for the 
volatile content of the SMI under upper mantle conditions.  It should be also noted that we could 
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not homogenize the SMIs at atmospheric pressures (see the high-T chapter for details), which is 
also in line with these experimental results. 
 
3.4.3.7 Volatile-melt immiscibility 
 
As introduced previously, we assume that two immiscible phases in the C-O-H-S volatile – 
silicate melt system, one enriched in the volatile components and another enriched in the silicate 
melt components, were formed by volatile-melt immiscibility (Fig. 26/5a).  This resulted in an 
evolved melt (i.e. SMI) with major element chemistry close to that of the parent melt, as well as a 
C-O-H-S-dominated but silicate component-bearing volatile (i.e. FI).  The SMIs have bubbles in 
different proportion relative to the whole inclusion volume and the FI are always associated with 
the SMI (discussed previously, Fig. 14a-b).  This association suggests that silicate melt – C-O-H-
S volatile immiscibility occurred before or simultaneously with formation of the rim of Cpx and 
healing of the fractures in Opx, where these immiscible melt and fluid phases were enclosed 
heterogeneously (i.e. entrapped together in a single inclusion).  Based on the evidence in the 
xenoliths studied, the evolution of the parent melt can be divided into a melt path and a fluid 
path (Fig. 26/5).  On the fluid path, the FI were entrapped as nearly pure C-O-H-S fluids with 
minor dissolved silicate melt components (Fig. 26/5b).  After the entrapment, but still under 
upper mantle conditions, FI matured to produce negative crystal shapes (Fig. 26/5c), whereas 
later, most probably during uplift towards the surface in the peridotite xenoliths, some of these 
inclusions decrepitated (Fig. 26/6).  On the melt path clinopyroxene crystallized on the walls in 
clinopyroxene-hosted SMI and clinopyroxene daughter minerals crystallized in the Opx-hosted 
SMI (Fig. 26/5c).  Mica daughter phases crystallized in both Cpx and Opx-hosted inclusions 
(Fig. 26).  Later on, during cooling of the system, the volatile-bearing melt in the SMI solidified 
shrank and simultaneously became saturated in volatiles especially CO2.  The excess CO2 formed 
a low-density (Table 4) bubble inside the SMI (“in situ immiscibility” after Clocchiatti (1975) in 
all host minerals and in both xenoliths (Fig. 26/6). 
As discussed previously data from SMI indicate that upon boiling of the melt the CO2 molecules 
preferred the fluid phase, whereas the H2O favored the melt phase (Fig. 20).  Based on analogies 
from silicate melt-H2O systems (e.g. Burnham & Jahns, 1962, Burnham & Davis, 1971, Burnham, 
1974, Johannes & Holtz, 1996) and the fact that P-T conditions were above the solidus of the 
studied mantle rocks at the time of FI and SMI entrapment, it is expected that the immiscible 
volatile (fluid) phase (FI) also contained some small amount of dissolved melt which now exists 
as a thin silicate glass film on the inclusion walls.  The FI show that the fluid phase was not pure 
CO2 because it contained trace amounts of H2O in addition to a very small amount of a Si 
component.  Note that the detected H2O signal on FI wall can originate from both molecular 
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water and thin melt film (Fig. 20f-h).  Accordingly, the dissolved volatile in the coexisting silicate 
melt was not pure H2O because it contained some CO2, as well.  
 
3.4.3.8 The role of trace elements and the effect of H2O and CO2 
 
In a supersolidus silicate melt-volatile system the solubility of pure H2O has a positive correlation 
with the SiO2 content of silicate melt, i.e. H2O solubility increases with SiO2 at a specific pressure.  
The solubility of CO2 in the melt also increases with increasing pressure but its overall solubility 
in silicate melts is considerably less than that of H2O (Botcharnikov et al., 2006).  CO2 solubility 
increases with increasing NBO/T (non-bridging oxygen per tetrahedron) (e.g. Brooker et al., 2001) 
as opposed the solubility of H2O (e.g. King & Holloway, 2002) and the CO2/H2O ratio in the 
melt at volatile saturation increases with increasing pressure.  In a subsolvus pure H2O-CO2 fluid 
system, because of the strongly different properties of H2O and CO2, two immiscible fluids may 
coexist at temperatures below 300-400 °C depending on pressure (Tödheide & Frank, 1963, 
Kerrick & Jacobs, 1981), however at higher temperatures in the mantle environment, H2O and 
CO2 are completely miscible (Roedder, 1984).  These results indicate that the system presented 
here was a very dense ‘soup’ under upper mantle conditions, composed of totally miscible volatile 
and melt components, containing high concentrations of incompatible elements.  Provided that 
this interpretation is correct immiscibility could occur at very high temperatures and pressures 
even at mantle PT conditions as was already suggested by e.g. Klein-BenDavid et al. (2007) based 
on studies on fluid inclusions in diamonds from Canada.  The significance of the presence of 
immiscible volatiles in the mantle is two fold: they have lower viscosities than the melt (Friedman 
et al., 1963, Brearley & Montana, 1989, White & Montana, 1990, Giordano et al., 2005) and can 
separate and transport characteristic elements (e.g. LILE, REE+Y).  It is well known that only 
gases are soluble in CO2 at room temperature, but at magmatic temperature some relatively 
nonvolatile compounds may be soluble as well (Roedder, 1984).  Green (1979) detected Ar, Mg, 
K, Ti, Ce, H, Rb, Sr, Ba and Pb in CO2 inclusions in upper mantle rocks and suggested that these 
elements are present in a surface film wrapping around the CO2 inclusions and were previously 
dissolved in the CO2, similar to our interpretation.  Roedder (1972) and Stosch (1982) also found 
evidence for the transport of REE by dense CO2.  Wendlandt & Harrison (1979) suggested that 
the enrichment of REE in CO2 vapor can be orders of magnitude higher than in water vapor at 
0.5 GPa (Mysen, 1979) and is approximately the same as that in water vapor at 2 GPa.  
Rosenbaum et al. (1996) detected alkali, Ba, U, Th, Pb, Sr and Nd anomalies in upper mantle 
peridotites using a total rock dissolution technique and suggested that these elements are related 
to the presence of CO2-rich fluids in the rocks, most probably linked to hydrous metasomatism.  
All in all, CO2 can be a potential solvent for elements under mantle conditions.  In constrast, 
H2O is better understood as a solvent, compared to CO2, because it plays a substantial role, 
82 
 
especially, in fluid-mobile LIL element transfer under upper mantle conditions (Williams et al., 
1995, Prouteau et al., 2001, Zajacz et al., 2008 and references therein).  The solubility of these 
elements in the fluid usually drops rapidly upon addition of CO2 to an aqueous fluid (e.g. Walther 
& Orville, 1983) under crustal conditions.   
A question arises as to whether CO2 or H2O was more important in terms of transporting trace 
elements from the melt to the fluid during volatile-melt immiscibility?  As discussed previously 
CO2 would mostly effect REE+Y distribution (Wendlandt & Harrison, 1979), however our data 
on REE content of FI is limited, and LREE (La, Ce, Nd) shows no positive anomaly in Fig. 22c-
d.  To address the role of H2O, we use a semi-quantitative approach.  Based on experiments on 
andesitic melts and hydrous fluids at 1040-1100 °C and 0.3-2.0 GPa, Keppler (1996) determined 
fluid-melt partition coefficients to constrain the composition of fluids in subduction zones.  It 
turned out that in such geodynamic environments the fluids are H2O-dominated (e.g. Tatsumi et 
al., 1986, Davies & Stevenson, 1992), therefore the partition coefficients of Keppler (1996) 
provide a unique tool to estimate the trace element content of an H2O-dominated FI in 
equilibrium with silicate melt.  A hydrous (saline-free) fluid inclusion in equilibrium with SMI 
would show negative anomalies in U and Nb (Fig. 22b), which is not the case in our FI (Fig. 
22c-d).  In contrast, these FI are clear fingerprints of the SMI (Fig. 22a, Fig.21a), having exactly 
the same trace element distribution pattern as the SMI.  However, Bureau & Keppler (1999) 
suggested that one should not conclude from experimental studies that the geochemical signature 
left by metasomatic hydrous fluids would not be distinctly different from silicate melts under 
conditions where the miscibility gap between fluid and melt is wide.  The reason is that even at 
temperatures only slightly below the critical curve, the two phases have very different 
compositions and therefore very different solvent properties (Bureau & Keppler, 1999).  This 
observation is true, but it seems – at least based on our results – that the small amount of 
dissolved melt in the CO2-dominated, H2O-bearing fluids has a more pronounced effect on the 
trace element composition (Fig. 22a, c-d) than the H2O itself (Fig. 22b). 
As we showed above the studied xenoliths simultaneously entrapped both FI and SMI, which 
were formed by volatile-silicate melt immiscibility.  However, in most cases both immiscible 
phases cannot be enclosed, which clearly results in the physical separation of melt and volatile 
phases.  Immiscible volatile fluids can migrate, forming a separate, homogeneous fluid agent 
(completely miscible volatile+melt components at high PT conditions) alone, due to the 
differences in viscosity between the volatile and silicate melt and its capability of mobility.  In 
many mantle rocks worldwide, FI are often found isolated along healed fractures (e.g. Roedder, 
1984, Szabó & Bodnar, 1996, Berkesi et al., 2007), showing no traces of silicate melt.  As we have 
demonstrated, these separated volatiles can transport significant amounts of trace elements which 
might trigger cryptic, or even modal metasomatism of the upper mantle.  Similar tests have been 
done previously by Rosenbaum et al. (1996), however they used a total dissolution technique 
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which does not allow the textural control on the geochemical interpretation.  Our results from in-
situ trace element analysis of both silicate melt and fluid inclusions indicate that FI with a 
volatile-silicate melt immiscibility origin might also provide information on the characteristic 




Chapter 4 – Composition and evolution of the upper mantle beneath 
Jeju 
 
4.1 Geological overview 
 
Jeju Island is located between the Korean peninsula of the Asian continent and Kyushu of the 
SW Japan arc at the western margin of the East Sea (Sea of Japan) (Fig. 29a).  Based on several 
geodynamic reconstructions (e.g. Wei & Seno, 1995, Malyshev et al., 2007 and references therein), 
the present-day Korean peninsula and the Jeju Island are the southernmost part of the 
hypothetical Amurian plate5 and represent important link between continental blocks of North 
and South China (Menzies et al., 2007) and the subduction zone along the Japan arc (Chough et 
al., 2000).  
The Korean peninsula, the easternmost extension of the Precambrian North China (Sino-
Korean) craton, consists of three Precambrian units, from north to south: Nangrim, Gyeonggi 
and Yeongnam massifs separated by two intervening thrust and fold belts (Imjingang and 
Ogcheon belts) (Chough et al., 2000) (Fig. 28a-c).  The northern massif is apparently a direct 
continuation of the North China craton, whereas the crustal affinities of the other two to the 
Chinese cratons are still ambiguous (e.g. Lee et al., 2003a, Lee et al., 2003b and references therein).  
The early crustal growth history of the South Korean massifs was similar to that of the North 
Chinese units, but the prevalent extensional or rifting events during the Neoproterozoic are more 
similar to events that occurred in the South China craton (Lee et al., 2003b).  These contradictions 
have prevented simple correlation between the two southern massifs and Chinese cratons (Lee & 
Walker, 2006).  Therefore, pre-Mesozoic geologic history in the Korean peninsula is still 
enigmatic, largely due to the lack of information on timing of basin formation, sedimentation, 
and deformation.  Major orogenic event was initiated in the late Permian-early Triassic, when the 
North China craton began to collide with the South China craton, most likely along an eastward 
extension of the Qinling-Dabie-Sulu belt in China (Ree et al., 1996) (Fig. 28a-c).  The Ogcheon 
basin and the underlying massif accreted northeastward to the Yongnam Massif along the South 
Korean Tectonic Line (Fig 28a-c, Chough et al., 2000).  Granitoid rocks were emplaced in 
foreland-arc setting.  In the Jurassic, dextral ductile shearing was dominant, associated with 
thrusting and folding (Fig. 28c, Chough et al., 2000).   
                                                 
5 The Amurian plate is thought to be a continental tectonic plate covering Manchuria, the Korean Peninsula, 
Western Japan and Primorsky Krai.  Its existence was first proposed by Zonenshain, L. P. & Savostin, L. A. (1981). 
Geodynamics of the Baikal rift-zone and plate tectonics of Asia. Tectonophysics 76, 1-45. and it is not clear yet whether 
the Amurian plate is an independent plate or a part of the Eurasian plate.  According to Malyshev et al. (2007), the 
plate boundary zone consist of Mongol-Okhotsk, Selenga-Stanovoi, Transbaikal and Sikhote-Alin orogenic belts and 
margins of the Siberian and North China cratons.  See e.g. Apel, E. V., Burgmann, R., Steblov, G., Vasilenko, N., 
King, R. & Prytkov, A. (2006). Independent active microplate tectonics of northeast Asia from GPS velocities and 




Figure 28 a-d Paleogeographic setting of northeast Asia and map of the present-day Moho depth. 
FP: Farallon Plate; IB: Imjingang Belt; KM: Kyonggi Massif; KP: Korean Plateau; NCB: North-China Block; NM: 
Nangrim Massif; OB: Okchon Basin; PB: Pyongnam Basin; SCB: South-China Block; SKTL: South Korean Tectonic 
Line; YM: Yongnam Massif.  (a-c) Pre-Triassic to Jurassic geodynamic evolution of northeast Asia after Chough et al. 
(2000). (d) Moho depth distribution beneath east China and adjacent sea after Liu (1993, 2007).  
 
The deformation was largely due to northwestward subduction of the Izanagi (proto-Pacific) 
oceanic plate, forming a northeast-trending strike-slip shear zone (ca. 400 km long and 80 km 
wide) (Yanai et al., 1985, Kim, 1996) (Fig 28a-c).  The Izanagi plate was an ancient tectonic plate, 
which began subducting beneath the Eurasian plate between 130-100 Ma (Sager et al., 1988, 
Steinberger & Gaina, 2007 and references therein).  Its rapid subduction caused the northward 
drift of NW Japan and the outer zone of SE Japan.  In the Jurassic-Cretaceous, the oblique 
(northward) convergence of the Izanagi plate formed a megashear in the Asia plate (Otsuki, 
1985) consisting a series of strike-slip extensional basins (Fig. 28c) (Chough et al., 2000).  In the 
Mesozoic, widespread emplacement of granitoid rocks and extrusion of basaltic and more 
evolved magmas were caused by low-angle subduction under the Asian continent in arc and 
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forearc settings.  The Tan-Lu fault system underwent sinistral transcurrent movements in the late 
Triassic (Uchimura et al., 1996, Meng & Zhang, 1999) and continued into the Jurassic and 
Cretaceous (Xu et al., 1987, Xu & Zhu, 1994) (Fig. 28a-c).  The scale, orientation, shear sense, 
and offset of the Tan-Lu fault suggest that it resulted from subduction along the border of the 
South China craton (Meng & Zhang, 1999) followed by continental shearing due to oblique 
motion of the Izanagi plate relative to the Asian continent (Klimetz, 1983, Handschumacher et 
al., 1988, Xu & Zhu, 1994).  By ca. 95 Ma the Izanagi plate was completely subducted and 
replaced by the western Pacific plate (Sager et al., 1988, Chough et al., 2000).  The obliquity of 
motion of the former Izanagi and the replacing Pacific plate relative to the Asian continent 
changed to normal (northwestward) at about 85-75 Ma (Engebretson et al., 1985).  This event was 
probably responsible for the cessation of the strike-slip movement in the Korean peninsula (Fig. 
28c).  Since then, the oceanic Pacific plate has been subducting northwestward beneath the 
continental Eurasian (North) and oceanic Philippine (South) plates along the Kuril-Kamchatka, 
Japan, Izu-Bonin and Mariana trenches (Fig. 29a).  The speed and angle of subduction is varying 
from North to South as it is getting faster (89-108 mm/year) and steeper (30°-90°) along these 
trenches (Fig. 29a) (Castle & Creager, 1998b, a).  The Philippine plate, similarly to the Pacific 
plate, is moving westward with a slower speed (48 mm/year) and on the west it is being 
subducted underneath the Eurasian plate along the Philippine, Ryukyu and Nankai trenches (Fig. 
29a).  In the northernmost part of the Philippine plate, thickened crust of the Izu-Bonin-Mariana 
arc is colliding with Japan.  In the Eocene an accretionary wedge was present at the boundary 
between the subducting Pacific plate and Japan.  The East Sea (Sea of Japan), a back-arc basin, 
was formed behind the Japanese Islands at 30-15 Ma (Tamaki et al., 1992) with clockwise and 
anti-clockwise rotations of SW and NE Japan arc, respectively at ca. 15 Ma  (Otofuji et al., 1985).  
Although the principal cause of the back-arc rifting is controversial, back-arc basin formation 
results in, or caused by, upwelling of asthenospheric material that ultimately creates new oceanic 
crust (e.g. Jolivet et al., 1994 and references therein).  Between 25-14 Ma, the Shikoku basin 
opened and the Izu-Bonin arc rotated to near its present position (Chamot-Rooke et al., 1987, 
Hall et al., 1995a, Hall et al., 1995b).  In Kyushu and Shikoku, at the southern Japanese islands, 
intrusive and volcanic igneous rocks dated as 21-12 Ma (Nohda, 2009) occur over a much wider 
zone than in the Ryukyu arc.  The apparent difference in width of the magmatic zones may be 
due to different absolute motions of the overthrust plates of those two regions of subduction.  
Alternatively, Flower et al. (1998, 2001) suggested an eastward asthenospheric flow driven by 
diachronous Tethyan closure caused stretching of eastern Eurasia and concomitant opening of 
western Pacific basins.  Results of trace element and isotope studies are consistent with the 
interpretation that western Pacific mantle could have resulted from contamination by 
delaminated sub-Asian cratonic lithosphere of N-MORB asthenosphere extruded during late 
stages of Tethyan closure (Flower et al., 2001).  Mantle extrusion is also supported by the 
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preliminary shear-wave splitting results suggesting at least two mantle flow paths for sub-Asian 
asthenosphere - north and south of the Sino-Korean craton (e.g. Makeyeva et al., 1992, Gao et al., 
1994, McNamara et al., 1994, Kang & Shin, in press).  The timing of compressive deformation in 
the Japanese arc and the timing of accretion of arc material in the Izu collision zone suggests that 
the rate of subduction in Nankai went through a relatively stagnant phase 14-9 Ma but then 
increased in speed again at 8-5 Ma (Taira, 2001).  Accretion likely restarted during the Late 
Miocene, as also observed on Boso Peninsula (Saito, 1992), forming a wedge that now 
corresponds to the active fault zone.  The closest manifestation of these subduction-related 
geodynamic structures on the present-day Jeju Island is the Okinawa Trough (Fig. 29a), which is 
a backarc basin formed by extension within the continental lithosphere behind Ryukyu trench-arc 
system (a narrow and continuous trench extending from Japan to Taiwan) (Fig. 29a) (Sibuet et 
al., 1998).  The Ryukyu arc is associated with the subduction, initiated at ca. 55 Ma of the 
Philippine plate beneath Eurasia at a relative rate of ~55 mm/year (Taira, 2001).  The 
convergence direction is to the northwest and the trench strikes generally NE-SW, so that along 
most of the arc there is little or no obliquity in subduction direction (e.g. McCaffrey, 1996).  
Rifting in the backarc, bounded by the Okinawa Trough to the northwest, has started in the Late 
Miocene (Letouzey & Kimura, 1986).  The comparison and the radiometric ages indicate that the 
southern Ryukyu arc rotated clockwise through 19-25° between 10 Ma and 6 Ma (Miki et al., 
1990).  In contrast, the central Ryukyu arc experienced little rotational motion since 17 Ma (Miki, 
1995).   Therefore, Miki (1995) proposed a two-phase opening model for the Okinawa Trough.  
The first stage took place between 10 Ma and 6 Ma, when the southern part of the trough 
opened by means of a “wedge” mode to cause the clockwise rotation of the southern Ryukyu arc.  
In the central part the “parallel” opening occurred and the Ryukyu arc drifted without any 
rotation.  The second phase started in the Plio-Pleistocene (~2 Ma) in the whole Okinawa 
Trough and was followed by many cycles of volcanism.  Present-day slab roll-back rates are 
generally small along most of the arc, with a rate of southeastward trench migration of less than 
10 mm/year (Mazzotti et al., 1999, Heuret & Lallemand, 2005).  However, toward the 
southernmost part of the arc, where the strike of the trench changes from NE-SW to nearly E-
W, there is an increase in subduction obliquity and in the rate of slab roll-back (Taira, 2001). 
As it is seen on Fig. 29a, the eastern margin of the Asian continent is characterized by extensive 
Quaternary volcanism and most of these volcanoes are built along the convergent plate margins 
where Pacific and Philippine plates are being subducted beneath the Eurasian plate (Fig. 29a).  
However, far behind the volcanic arcs sporadically distributed intraplate volcanoes (such as Jeju 





Figure 29 a-b  Present-day geodynamic setting of northeast Asia and geological framework of Jeju Island.   
(a) Photo-map on the geodynamic setting along the eastern margin of Eurasia.  Trenches and volcanic arcs (grey 
lines), as well as depth of subducted slab (yellow lines, units in km) are compiled after Castle & Creager (1998) and 
Tatsumi et al. (2005).  Volcano symbols indicate the Quaternary, subduction-related arc volcanoes (e.g. Kennett et al., 
1977).  Stars denote the main Quaternary intraplate volcanoes (after Tatsumi et al., 2005).  Satellite image downloaded 
from GoogleEarth.  (b) Generalized geological map of Jeju Island and stratigraphic relationships of volcanic rocks 




In the light of the previously outlined geodynamic framework, Jeju magmatism is distinct in that 
it takes place near the boundary between arc-back arc basin and continental tectonic settings.  
Cenozoic intraplate volcanism in East Asia has generally been interpreted as the result of passive 
rift decompressional melting, based on the distribution of the volcanic centers, lineaments and 
faulting attributed to extensional deformation and lack of evidence for both domal topography 
and track-defining age progressions, which would otherwise support a mantle plume source 
(Basu et al., 1991, Tu et al., 1992, Chung et al., 1994).  Thus, thermo-mechanically reactivated 
subcontinental lithospheric mantle has usually been suggested as the mantle source for these 
intraplate basalts.  Lee (1982), Nakamura et al. (1989)and Park et al. (1996) proposed on the basis 
of geochemical data that Jeju Island volcanism was produced by a local, continental hot spot.  
Alternatively, Seno (1999, 2000) suggested a N-S trending passive secondary mantle upwelling 
zone parallel to the Ryukyu trench in the East China Sea, west of Kyushu, which is driving 
Kyushu and westernmost Honshu to the east by viscous drag forces (Fig. 29a).  Tatsumi et al. 
(2005) suggested Jeju Island to be a mantle plume-related intraplate volcano (along with other 
similar intraplate volcanoes in the Korean Peninsula, Fig. 29a).  All these results led to the 
current conclusion that Jeju Island can be a good example for dormant mantle plumes (Tatsumi et 
al., 2005).  However, no seismically active slab is observed, tomography results have revealed the 
presence of horizontally lying, subducted lithospheric material near the upper-lower mantle 
boundary (Izanagi plate?) beneath these intraplate volcanoes (Fukao et al., 2001).  As seismic 
tomography did not prove the existence of active, deep-rooted, plume-like mantle structures, nor 
active mantle upwelling zones beneath the easternmost edge of the Eurasian plate, the triggering 
mechanism of Jeju magmatism is still controversial.  
Present-day Jeju Island (80×40 km) was formed in a ca. 2.5 million years time span by the 
volcanic activities occurring from the Pliocene to recent on the continental lithosphere showing 
normal Moho depths (Fig. 28d).  As a result of the continuous volcanic activities on the 
continental seafloor 2.5-1.2 Ma ago basement of the Jeju Island is composed of sediments 
(Seogwipo Formation) intercalated with buried basaltic products (Won et al., 1998, Koh et al., 
2004).  The Seogwipo Formation is partly exposed in the southwestern coastal cliff.  The basal 
basaltic lavas erupted on Jurassic-Cretaceous granitoids, Cretaceous-Tertiary rhyolitic tuff and 
minor gneiss of unknown age, which are rarely exposed as xenoliths in pyroclasts or recovered in 
drilling cores (Lee, 1982, Kim et al., 2003).  Four stages of subaerial volcanic activity on the island 
have been recognized based on the stratigraphic relationships and radiometric dating (Fig. 29b, 
Table 6 after Lee, 1982, Won et al., 1998, Yun et al., 2002, Koh et al., 2004). 
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Table 6  Summary of the volcanological stages during the evolution of Jeju Island 
Stage 1 1.2-0.7 Ma 
Pyoseonri basalt erupted through the basal Seogwipo Formation and formed the 
first lava plateau on the island.  Basaltic successions were followed by trachytic 
series on the coastal region from Mt. Sanbang to Seogwipo. 
Stage 2 0.7-0.3 Ma 
Large basaltic lava plateaus were formed around the island, which covered the 
edge of the most coastal areas (Fig. 29b).  The height of Mt. Halla at this time is 
estimated to be 950 meters above the sea level. 
Stage 3 0.3-0.1 Ma Viscous trachytic lava was formed in the crater of Mt. Halla, which has reached its present height (1950 meters) in this period (Fig. 29b).  
Stage 4 0.1-0.025 Ma More than 360 scoria cones (“oreum” in Korean) were formed by simultaneous eruptions around the foot of Mount Halla (Fig. 29b).   
 
The mantle xenoliths bearing host alkali basalts outcropped at several localities in Jeju Island.  
Mantle peridotites from Sinsanri were found in alkali basalt of the stage 2, whereas mantle 
xenoliths of alkali basalt in Jigriorem and Sangumburi belong to stage 4 (Won et al., 1998, Yun et 
al., 2002, Koh et al., 2004).   
 
4.2 The sub-continental lithospheric mantle of Jeju Island: a review and goals 
 
Our previous knowledge on the mantle xenoliths from Jeju Island is preliminary, and only the 
basic view of the lithospheric structure beneath the Island can be outlined.  Mantle-derived 
fragments are mainly spinel lherzolites with a minor amount of harzburgite, wehrlite, websterite, 
dunite and clinopyroxenite (Choi, 1998, Yun et al., 1998, Choi, 2000, Choi et al., 2001, Choi et al., 
2002) (Fig. 30a).  Based on the grain size and macroscopic textures majority of the peridotites 
are coarse-grained, with the predominance of protogranular texture (e.g. Yun et al., 1998, Choi, 
2000).  Modal mineralogy of lherzolites consists of 51-72 % olivine, 17-30 % orthopyroxene, 8-
17 % clinopyroxene and 0.1-3.4 % spinel, whereas that of harzburgites shows 69-83 % olivine, 
14-25 % orthopyroxene, minor amounts of clinopyroxene (<3 %) and spinel (<2.6 %) (Choi et 
al., 2002).  Garnets and hydrous minerals, such as amphibole or phlogopite have never been 
found in the ultramafic xenoliths of Jeju Island.  A general petrographic feature is that 
orthopyroxene usually has exsolution lamellae of clinopyroxene, whereas clinopyroxene 
sometimes contains exsolved spinel tablets and/or orthopyroxene lamellae (Fig. 31c-f).  
The composition of major oxides and compatible to moderately incompatible elements of the 
Jeju peridotite series suggest that they are residues after various extents of melting.  The estimated 
degrees of partial melting from compositionally homogeneous and unfractionated mantle to form 
the residual xenoliths do not exceed 25 % (Choi et al., 2002) (Fig. 39).  However, the complex 
pattern of chondrite-normalized REE (from LREE-depleted through spoon-shaped to LREE-
enriched) indicates an additional process.  Metasomatism by a small amount of melt/fluid 
enriched in LREE followed the former melt removal, which resulted in the enrichment of the 
incompatible trace elements.  Sr and Nd isotope ratios of the xenoliths display a wide scatter 
from depleted MORB-like to near bulk-earth estimates along the MORB-OIB mantle array (Choi 
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et al., 2002).  The varieties in modal proportions of minerals, (La/Yb)N ratio and Sr-Nd isotopes 
for the xenoliths demonstrate that the lithosphere beneath Jeju Island is heterogeneous (Choi, 
1998, 2000, Choi et al., 2001, Choi et al., 2002).  Equilibrium temperatures and pressures for the 
spinel peridotites range from 880-1040 °C and 1.2-2.6 GPa (Choi et al., 2001, Lee, 2005).  
Ultramafic xenoliths from Jeju Island contain large amount of CO2-rich fluid, silicate melt and 
sulfide melt inclusions.  CO2-rich fluid inclusions can be spatially associated with silicate and 
sulfide melts, range in size from 5 to 60 μm and are distributed in clusters or along microfractures 
(Yang, 2004).  Yang (2004) also distinguished two sub-types of CO2-rich fluid inclusions (1) 
which do not show any association with other types of inclusions (silicate or sulfide melt) and (2) 
which are spatially associated with silicate or sulfide melt inclusions.  Conversely, silicate melt 
inclusions usually show multiphase composition consisting of glass±daughter crystals+vapor 
bubble(s) and range between 5 to 150 μm in size (Yang, 2004).  Sulfide melt inclusions are 
monosulfide globular or tube-shaped solid inclusions always in secondary petrographic 
appearance (Yang, 2004). 
Spinel clinopyroxenites were described from Jeju Island (Choi, 1998), but their amount is 
negligible, compared to that of the peridotites.  Origin of these pyroxenites is supposed to be 
underplating of mafic magmas.  
These observations and preliminary results inspired us to (1) look for texturally or lithologically 
different peridotites; (2) characterize the composition and evolution of widespread fluid 
inclusions entrapped in many upper mantle xenoliths; and (3) make detailed fabric analysis on the 
peridotite xenoliths from Jeju Island for a better understanding of the evolution of the sub-




4.3.1 Xenolith petrography 
 
All together 20 representative mantle peridotites have been selected for detailed study from alkali 
basaltic outcrops at three different sites of Jeju Island.  7 samples were found at Jigriorem (gg), 2 
at Sangumburi (sg) and 11 at Sinsanri (ss) (Fig. 1b-c, 29b). 
The size of the mantle xenoliths (5-7 cm) is comparable to that of the average xenoliths’ size 
from Jeju Island (5-15 cm, after e.g. Choi et al., 2002) (Fig. 30b).  The shape of the xenoliths is 
rounded or subangular.  Although traces of mafic melt impregnation from the host basalt can be 




Figure 30 a-b  Lithology and macroscopic view of the studied peridotites from the Jeju Island. 
Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel. (a) Lithology of studied peridotites in the 
Streckeisen diagram (Streckeisen, 1976).  Reference database was compiled after Choi et al. (2005 and references 
therein).  (b) Macroscopic view of the studied coarse-grained protogranular-porphyroclastic, fine-grained 
porphyroclastic and fine-grained mylonitic peridotites.   
 
Based on the modal composition, majority of the xenoliths studied here is spinel lherzolite 
(n=15, 75 %) with minor amount of spinel harzburgites (n=5, 25 %) (Fig. 30a, Table 8).  
Macroscopically, these peridotites can be divided into coarse-grained and fine-grained (mylonitic) 
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suites, with the predominance of the coarser grained peridotites (17 pcs, 85 %) (Fig. 30b).  It 
should be noted however, that the fine grained mylonitic xenoliths are overrepresented in our 
xenolith suite, compared to the natural occurrence of this texture type on the Island (<2-3 %, 
based on our field experience).  The studied mantle xenoliths present a continuous variation in 
texture from coarse-grained protogranular-porphyroclastic toward fine-grained mylonitic one, 
therefore they can be divided into (1) coarse-grained protogranular-porphyroclastic, (2) fine-
grained porphyroclastic and (3) mylonitic subgroups (Table 7).  
Macroscopically coarse-grained xenoliths are composed of coarse-grained protogranular 
(predominant), coarse-grained porphyroclastic and fine-grained porphyroclastic (rare) peridotites 
(applying the definition of Mercier & Nicolas, 1975), which were found at every site showing 
similar petrographic features.  However the grain size is uniformly coarse (compared to the 
mylonitic peridotites shown later), members of this xenolith group form a continuous transition 
from homogeneous toward bimodal grain size distribution (Fig. 30b).  Due to this continuous 
variation in the coarse-grained matrix/finer-grained neoblast ratio, clear distinguisment between 
coarse-grained protogranular and coarse-grained porphyroclastic texture is not possible.  
Therefore, these two texture types, if otherwise not indicated, are called together as coarse-
grained protogranular-porphyroclastic (Table 7).  Conversely, where the finer-grained neoblasts 
form matrix around coarse-grained porphyroclasts, the texture type is called here fine-grained 
porphyroclastic (Table 7). 
 




fabric name no. of xenoliths 
grain size 
distribution 
coarse grains  fine grains



















2** bimodal porphyro-clasts 1.5-2.0 











matrix max. 0.2 
* gg-2; gg-1-5; 03-gg-2; 02-gg-2; ss-c; 07-sg-a; 07-gg-01; gg-5; 07-ss-a; gg-a; ss-16; ss-17; ss-18; 0204-ss-3; 02-ss-2 
** 07-ss-b; 07-sg-b 
*** 06-ss-1; 06-ss-2; 06-ss-3 
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As a general observation, olivines and orthopyroxenes in the coarse-grained protogranular-
porphyroclastic and fine-grained porphyroclastic are the largest above all, with their 2.5-7.0 mm 
size (Fig. 30b, 31, Table 7).  In the fine-grained porphyroclastic peridotites, the average grain 
size decreases to a maximum of 0.7 mm and only few porphyroclasts preserve the former coarse 
grained size (Fig. 30b, Table 7).  In contrast, spinels always show holy-leaf structure and were 
observed only in interstitial position with maximum 2.0 mm size, regardless of the (homogeneous 
or bimodal) grain size distribution (Fig. 30b).  The grain boundaries are curvilinear in the coarse-
grained protogranular-porphyroclastic xenoliths, whereas they become gently curved or straight 
in the fine-grained porphyroclastic peridotites (Fig. 31a).  However, in every case olivines are 
present with widely spaced subgrain walls and show undulose extinction (Fig. 31a).  Similarly, 
several signs of internal strain were observed in many orthopyroxenes, as mechanical twinning or 
undulose extinction (Fig. 31a).  In every peridotite regardless of texture type, orthopyroxenes 
have clinopyroxene lamellae along straight, crystallographic determined directions (Fig. 31c-d).  
Similarly, orthopyroxene±spinel exsolution lamellae were found in clinopyroxene along 
crystallographic preferred orientation, showing usually sub-perpendicular distribution to each 
other (Fig. 31 e-f).  These lamellae in both orthopyroxene and clinopyroxene are always present 
in the core of the minerals as oriented thin phases (<5 μm width) flanked with a lamellae-free 
outer rim (Fig. 31a).  In orthopyroxenes, the observed dislocation walls (frequently called as kink 
bands) usually crosscut the clinopyroxene lamellae resulting in the distortion of otherwise straight 
lamellae (Fig. 31c-d). 
Macroscopically fine-grained mylonitic xenoliths were found only at Sinsanri outcrop.  Results of 
modal analysis show that these xenoliths are spinel harzburgites (06-ss-3) or spinel lherzolites (06-
ss-1; 06-ss-2) (Fig. 30a, Table 8).  The grain size of the studied peridotite xenoliths indicates a 
bimodal distribution with fine-grained matrix (neoblasts) and large porphyroclastic relics (Fig. 
31b).  The size of neoblasts is relatively uniform in the range of 100-350 μm (with maxima 
around 250 μm).  The constituent minerals are subhedral to anhedral often with straight to gently 
curved grain boundaries, sometimes showing triple junctions, whereas large orthopyroxenes or 
olivines show lobated grain boundaries (Fig. 31b).  All porphyroclasts are orthopyroxenes and 
olivines, which are usually elongated (Fig. 31b), although, some larger (mm-sized) orthopyroxene 
grains display no elongation (Fig. 31b).  Orthopyroxene porphyroclasts show internal strain 
features occurring as widely spaced (100-150 μm) dislocation walls and also contain 5-10 μm wide 
clinopyroxene exsolution lamellae, which are absent from the matrix orthopyroxene (Fig. 31b).  
Large olivines present with maximum aspect ratio up to 1:4 containing subgrains or relatively 
widely spaced subgrain walls (50-100 μm) perpendicular to the long axis of the olivine (Fig. 31b), 
whereas neoblast crystals are strain-free.  Orthopyroxene and olivine porphyroclasts commonly 




Figure 31 a-f  Photomicrograph of the studied peridotites from Jeju Island.   
Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel.  Plane polarized light, (a-c) +N, and (e) 1N. (d, f) 
Back-scattered images.  (a) Representative texture of the coarse-grained protogranular-poprhyroclastic peridotites as 
shown by xenolith ss-18. (b) Representative texture of the fine-grained mylonitic peridotites as shown by xenolith 
06-ss-1.  (c) Clinopyroxene lamellae in orthopyroxene distorted by sub-grain walls of the host mineral.  (d) Back-
scattered image on deformed clinopyroxene lamellae in orthopyroxene. (e) Spinel and orthopyroxene lamellae in 
clinopyroxene.  (f) Back-scattered image on spinel and orthopyroxene lamellae in clinopyroxene.   
 
Macroscopic foliation and mineral lineation are visible in hand-specimens as to being defined by 
the elongated opaque spinel aggregates (Fig. 30b), compositional layering of pyroxene- and 
olivine-rich bands and alternating difference of grain sizes (Fig. 30b).  The microscopic long axis 
of the other mantle silicates (olivine, orthopyroxene, clinopyroxene) is subparallel to this 
alignment of spinel grains, displaying shape preferred orientation (Fig. 31b).  Clinopyroxene is 
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generally finer grained than olivine and orthopyroxene being 50-750 μm in size with maxima 
around 50-250 μm and occur as interstitial grains.  They appear to be rare as it is reflected also by 
the modal compositions (Table 8).  These fine-grained crystals lack all types of internal strain 
features.  Spinels commonly occur as interstitial phases forming elongated aggregates ranging 
between 0.5-2.4 mm in size defining the lineation of the xenolith (Fig. 30b).  Spinels are often 
interstitial, but rarely form small rounded or regular shaped grains enclosed in olivine or 
orthopyroxene.  Vein- or pocket-like zones of fine-grained (30-50 μm) plagioclase + olivine (± 
clinopyroxene) are observed, which affected about 3-5 vol% of the xenoliths.  They are 
associated either with orthopyroxene or spinel.  This textural feature is often subparallel to the 
mineral lineation and, in addition, more straight grain boundaries and triple junctions are found 
near to these melt pockets.  The xenoliths show uniform-sized, fine-grained tabular to mosaic 
equigranular grains accompanied by some porphyroclastic relics (Fig. 31b).  Based on these 




olivines in the 
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Fig. 32.   
 
Figure 32  Grain 
size distributions of 
olivines in the Jeju 
peridotite series.   
n: number of grains.  
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4.3.2 Fabric analysis 
 
Scanning electron microscope techniques were applied to obtain olivine orientation data.  
Automated electron backscatter diffraction (EBSD) allows rapid measurements of complete 
crystallographic orientations of the mineral grains of interest, with an angular resolution of about 
one degree and a spatial resolution of 1 μm (e.g. Prior et al., 1999).  Crystallographic preferred 
orientation (CPO) measurements were done on rectangular sampling grids and only orientations 
with high reliability of EBSD pattern indexing were used for calculations.  Pole figures of the 
three crystallographic axes were calculated and contoured using the careware software package of 
Mainprice (2005d, 2005a, 2007).  Sections were made perpendicular to macroscopic foliation or 
compositional layering, and parallel to mineral lineation (xz-sections).  Orientation analysis of 
selected representative samples of the coarse-grained protogranular-porphyroclastic (07-gg-01 
and 02-ss-2), the fine-grained porphyroclastic (07-sg-b and 07-ss-b) and the fine-grained 
mylonitic peridotites (06-ss-1, 06-ss-2 and 06-ss-3) were measured.   
In the coarse-grained protogranular-porphyroclastic and the fine-grained porphyroclastic series 
the CPOs of olivine show a consistent pattern (Fig. 33).  Maximum concentration of the olivine 
[100]-axes always lies subparallel to the lineation showing point maximum, except xenolith 02-ss-
2, where a continuous girdle is also present in the plane of foliation.  In contrast, the [010]-axes 
always have a point maximum subnormal to the foliation.  Distribution of [001]-axes is generally 
slightly scattered, but maximum concentrations were always observed in the plane of the foliation 
perpendicular to the lineation.  The [001]-axes show the weakest orientation among the three 
crystallographic axes.  This feature is typical, and under upper mantle conditions, common slip 
system of olivine with the activation of (010)[100] (e.g. Tommasi et al., 1999 and references 
therein).  In xenolith 02-ss-2, activation of (0kl)[100] slip system (e.g. Avé Lallemant & Carter, 
1970) is suggested.  
In the fine-grained mylonitic series, especially in 06-ss-1 and 06-ss-2 lherzolite xenoliths (Fig. 33), 
the orientation of maximum of [100]-axes lies parallel to the lineation, however they display a 
continuous girdle in the foliation plane.  The [010]-axes in this 2 xenoliths display point 
maximum distribution perpendicular to the foliation plane, whereas [001]-axes lie in the foliation 
plane and show the weakest orientation among the crystal axes.  The observed patterns 
correspond to the common olivine fabric with the activation of (010)[100] slip system (e.g. 
Tommasi et al., 1999 and references therein), whereas the girdle of [100]-axes (not observing 
similar features in the distribution of [001]-axes) is suggested to be related to weak/moderate 
CPO.  Among the fine-grained mylonitic series, the 06-ss-3 harzburgitic xenolith differs 
somewhat from the other two studied xenoliths in that the continuous girdle of [100]-axes in the 
foliation plain is absent.   
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Figure 33  Crystallographic preferred orientation of olivines in the Jeju peridotite series.
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Figure 33 (continued from previous page) n: number of grains measured.  Cpx: clinopyroxene; Ol: olivine; Opx: 
orthopyroxene; Spl: spinel.  Crystallographic preferred orientation of olivines were measured in three fine-grained 
mylonitic (yellow shaded area), two fine-grained porphyroclastic (light green shaded area) and two coarse-grained 
protogranular-porphyroclastic (dark green shaded area) peridotites.  Pole figures are lower hemisphere equal area 
projections.  Phase maps with grain boundaries demonstrate grain size variability.  Note that only a representative 
area is shown.   
 
Instead they show pronounced point maximum subparallel to the macroscopic lineation.  The 
[010]-axes are perpendicular to the foliation plane, but they display a continuous girdle 
perpendicular to the lineation in the foliation plane.  The maximum of [001] crystallographic axes 
plots perpendicular to the macroscopic lineation in the foliation plain, however also displays a 
continuous girdle towards high angles to the foliation plane.  These features are typical of 
(0kl)[100] slip system (e.g. Avé Lallemant & Carter, 1970). 
 
4.3.3 Electron microprobe analysis of major elements  
 
Major element analysis of mineral phases was carried out in order to define the principal 
geochemical characteristics of segment of the mantle represented by the studied xenoliths 
(Appendix 6).  Based on electron microprobe analysis, no chemical zoning was observed and 
minerals are chemically homogeneous (Appendix 6).  Generally, the mg# of olivines, 
orthopyroxene and clinopyroxene in the studied peridotites is almost constant (ol: 88.6-90.9; 
orthopyroxene: 88.8-91.1; clinopyroxene: 89.0-91.6) regardless of either a coarse grain in the 
coarse grained series or a neoblast-porphyroclast assemblage in the fine grained series was 
analyzed (Appendix 6).  The range of mg# of olivine, as well as NiO (0.32-0.43 wt%) and MnO 
(0.10-0.17 wt%), is similar to those of olivines in mantle derived peridotite xenoliths in Jeju Island 
(e.g. Choi et al., 2001) and worldwide (e.g. Frey & Prinz, 1978, Szabó et al., 2004).  Clinopyroxenes 
are relatively TiO2-poor (0.08-0.50 wt%) and moderate in Cr2O3 content (0.67-1.38 wt%) 
(Appendix 6).  The Al2O3 content of the clinopyroxenes is rather high ranging from the highest 
concentration in 07gg-01 lherzolite (6.61 wt%) to the lowest values of 07sg-b harzburgite (4.38 
wt%).  The cr# in spinel is in the range of 9.2-24.3 (Appendix 6), which is also characteristic for 
peridotite xenoliths derived from the subcontinental lithospheric mantle of Jeju (Choi et al., 
2001).  
The major element chemical compositions of clinopyroxene and coexisting spinel and olivine 
from the studied peridotite xenoliths, as well as other mantle xenoliths in Jeju Island are plotted 
in Fig. 34.  The cited data from the references are from all protogranular xenoliths (Choi, 1998, 
2000, Choi et al., 2001, Choi et al., 2002).  The Na [apfu] and Al [apfu] content of clinopyroxene 
show positive correlation (Fig. 34), which is a general trend for the subcontinental lithospheric 
mantle (e.g. Frey & Prinz, 1978, Downes et al., 1992, Szabó et al., 1995a, Szabó et al., 2004).  There 
is a weak indication that clinopyroxenes in spinel lherzolites (Appendix 6) and/or coarse grained 
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peridotites (Appendix 6) possess higher Na and Al content than spinel harzburgites and/or the 
fine grained series (Appendix 6).  
 
Figure 34  Na [apfu] vs. Al 
[apfu] variation diagram in 
the major element 
compositions of 
clinopyroxenes from the 
peridotites of Jeju Island. 
apfu: atomic per formula 
unit;  (filled circle): coarse-
grained protogranular-
porphyroclastic;  (filled 
diamond): fine-grained 
porphyroclastic;  (filled 
star): fine-grained mylonitic.  
Data for comparison (blue 
shaded area) are from the 
coarse-grained peridotites of 





The Jeju peridotite series shows exsolution lamellae of orthopyroxene±spinel in clinopyroxene 
and clinopyroxene lamellae in orthopyroxene (Fig. 31c-f).  Four representative peridotites (0204-
ss-3, ss-16, ss-17 and ss-18) were selected for the analysis of the composition of these lamellae 
(Appendix 6).  Composition of lamellae is always similar to their interstitial counterparts in each 
peridotite (Appendix 6).  Composition of orthopyroxene lamellae in clinopyroxene varies from 
3.75-4.71 wt% of Al2O3 (vs. 4.06-4.60 wt% in interstitial orthopyroxene) and 32.9-34.1 wt% of 
MgO (vs. 32.9-33.9 wt% in interstitial orthopyroxene).  Clinopyroxene lamellae in orthopyroxene 
have Cr2O3 content of 0.74-0.90 wt% (vs. 0.70-0.89 wt% in interstitial clinopyroxene) and Al2O3 
content of 5.58-6.74 wt% (vs. 5.82-6.33 wt% in interstitial clinopyroxene).  Similarly, spinel shows 
Al2O3 of 51.3-55.9 wt% (vs. 53.7-56.8 wt% in interstitial spinel) and Cr2O3 of 9.90-12.3 wt% (vs. 
10.1-11.2 wt% in interstitial spinel) (Appendix 6).  
 
4.3.4 LA-ICP-MS analysis of clinopyroxenes 
 
Because in dry (hydrous phase free) spinel peridotites clinopyroxene is the main carrier of trace 
elements (Rampone et al., 1991, Roden & Shimizu, 1993), separated clinopyroxenes were 
analyzed using LA-ICP-MS technique.  Results are listed in Appendix 7.   
Based on the REE+Y distribution of clinopyroxenes (normalized to C1 chondrite; Nakamura, 
1989 and McDonough & Sun, 1995), the Jeju peridotite series can be divided into three different 
groups.  Majority of the clinopyroxenes of protogranular-porphyroclastic peridotites (07-gg-01, 
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gg-1-5, gg-2, gg-a, gg-5 and ss-18) show LREE depleted character with flat MREE and HREE+Y 
composition, CeN/YbN of 0.1 and LaN/LuN of 0.02-0.07 (Fig. 35b1-6, Appendix 7).  Rarely, 
some protogranular-porphyroclastic xenoliths (03-gg-2, ss-17, 02-ss-2 and 0204-ss-3) also possess 
an overall depleted REE character, showing the same concentration of MREE and HREE+Y as 
the previous group, but LREE are less depleted and especially the La and Ce show slightly 
positive anomalies with CeN/YbN of 0.08-0.23 and LaN/LuN of 0.11-0.33 (Fig. 35b7-10, 
Appendix 7).  However, in the clinopyroxenes of the fine-grained porphyroclastic (07-sg-b and 
07-ss-b), the fine-grained mylonitic (06-ss-2 and 06-ss-3) and some coarse-grained protogranular-
porphyroclastic (07-ss-a and 02-gg-2) xenoliths MREE and HREE+Y concentrations are less 
elevated than in other peridotites, but also show a rather flat pattern.  Conversely, their LREE 
composition is enriched producing a spoon-shaped REE distribution with CeN/YbN of 1.43-4.73 
and LaN/LuN of 1.98-6.37 (Fig. 35b11-16, Appendix 7). 
On the multielement diagrams (normalized to the Primitive Mantle; McDonough & Sun, 1995), 
behind the overall depleted character of the Jeju peridotites (except in the most incompatible 
elements such as e.g. Rb, Th, U and LREE in the metasomatized xenoliths), negative anomalies 
were found in Ba, Nb, Ta and Ti in every xenolith (Fig. 35a1-16).  Apart from two 
metasomatized fine-grained porphyroclastic and fine-grained mylonitic peridotites (06-ss-3 and 
07-sg-b), Zr also shows negative anomalies in the whole set of peridotites (Fig. 35a1-15, except 
a13).  Conversely, the rest of the LREE-enriched peridotites (07-ss-a, 02-gg-2, 06-ss-2 and 07-ss-
b) possess negative Hf anomaly, too (Fig. 35a11-16).  A slightly positive Sc anomaly is 
characteristic of the Jeju peridotite series (Fig. 35a1-14), except the mylonitic peridotites (06-ss-2 












Figure 35 a1-b16  Primitive mantle (McDonough & Sun, 1995) normalized and C1 chondrite (Nakamura, 1974) 
normalized trace element distribution of clinopyroxenes in the Jeju peridotite series. 
Figure shown on the next pages. Blue (a1-b6), light pink (a7-b10) and deep pink (a11-b16) shaded diagrams indicate 
the depleted, transitional and enriched peridotites, respectively.  See text for details.  (a1-a16) Primitive mantle 
normalized multielement distribution of clinopyroxenes. (b1-b16) C1 chondrite normalized REE+Y distribution of 











4.3.5 Fluid inclusion petrography  
 
Roedder (1984) defines the term of fluid to any substance that could flow at the time of trapping 
and not to its present condition.  Therefore, three types of fluid inclusions have been recognized 
in the Jeju peridotite series, as it was also described previously by Yang (2004): (1) silicate melt 
inclusions; (2) sulfide melt inclusions and (3) CO2-rich fluid inclusions.   
Silicate melt inclusions are generally associated either with basaltic veins or vermicular, probably 
CO2-rich fluid inclusions.  Their shape is generally also vermicular, but in some rare cases can be 
rounded or can show drop shape.  They consist of brown glass and one or more dark fluid 
bubble(s).  Size of silicate melt inclusions usually does not exceed 30 μm.  Silicate melt inclusions 
from the Jeju peridotite series were not studied in more detail in this thesis. 
Sulfide melt inclusions are always enclosed in mantle minerals along healed fractures and have 
irregular or rounded shape.  The size of enclosed sulfide blebs is usually less than 40 μm, but in 
some cases can exceed 50 μm.  Based on our observations in reflected light microscopy, the 
sulfide melt inclusions consist of 2 or 3 phases.  Sulfide inclusions from the Jeju peridotite series 
were not studied in detail in this thesis. 
The CO2-rich fluid inclusions (hereafter referred as fluid inclusions) represent the third group and 
have been studied in details if trapped in the mantle.  Similarly to many other mantle xenoliths 
worldwide observed by several other authors (e.g. de Vivo et al., 1988, Frezzotti et al., 1992, Szabó 
& Bodnar, 1996, Frezzotti, 2001, Frezzotti et al., 2002, Berkesi et al., 2007), small-sized (maximum 
15 μm), vermicular fluid inclusions, rich in CO2 vapor and/or liquid (at ambient conditions) were 
also found in the Jeju peridotite series.  However, such fluid inclusion association always 
represents a different environment and/or time of entrapment, compared to that of the fluid 
inclusions of this study, and consequently was not considered here.  
Deep-seated fluid inclusions were found in almost every peridotite xenolith of the Jeju peridotite 
series, except some fine-grained xenoliths, where the fluid inclusions are completely absent, or 
their observation and recognition is ambiguous.  In every other case, fluid inclusions show the 
same textural features and petrographic appearance, regardless of xenolith localities and are 
composed of intergranular fluid inclusion zones crosscutting every rock-forming mineral.  Based 
on these petrographic features and applying the definition of Roedder (1984), the studied fluid 
inclusions are considered as secondary with respect to the formation of the hosts (mainly olivines 
and pyroxenes) (Fig. 36a).  The fluid inclusion associations always consist of several hundred 
negative crystal shaped fluid inclusions ranging in size from 2-3 μm to 50-60 μm (Fig. 36).  
Olivine contains the most fluid inclusions, orthopyroxene also appears to be a rich host in fluid 
inclusions, whereas inclusions are less common in clinopyroxene.  This observation is in 
correlation with the modal composition of the peridotites and indicates that the probability for 
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accidental fluid entrapment is higher in olivine (usually 65-70 vol%, Table 8) than in the 
pyroxenes (Table 8).  Fluid inclusions in spinel have not been recognized. 
As a general observation, even in the same intergranular fluid zone, the Ol-hosted fluid inclusions 
are usually smaller and in most cases are decrepitated or show viskers at the inclusion edges (Fig. 
36d).  In contrast, Opx-hosted and Cpx-hosted fluid inclusions show negative crystal shape and 
one-phase at room temperature.  Furthermore, small-sized fluid inclusions (<10 μm), even in 
olivine, are usually of one-phase at room conditions and show no indication for inclusion leakage 
(i.e. no decrepitation halo), whereas the large ones contain two phases (various sized fluid bubble 
in a liquid phase) or, if single-phase, look empty.  Besides, large fluid inclusions are usually 
surrounded by a decrepitation halo composed of small-sized (1-2 μm) vermicular fluid inclusions, 
regardless of host minerals (Fig. 36b).  This is consistent with the inclusion size and the ease 
with which the inclusions reequilibrate (e.g. Bodnar, 2003).   
Figure 36 a-d  Photomicrograph of fluid inclusions in the Jeju peridotite series.  
 Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene.  (a) Macroscopic view of gg-1-5 coarse-grained protogranular-
porphyroclastic peridotite showing intergranular fluid inclusion zones (red, yellow and blue shaded areas).  Inset 
shows fluid inclusions in the blue shaded zone crossing orthopyroxene and olivine.  (b) Representative, negative 
crystal shaped CO2-rich fluid inclusions in orthopyroxene from xenolith ss-18.  (c) Representative, negative crystal 
shaped CO2-rich fluid inclusions in clinopyroxene from xenolith gg-1-5. (d) Representative, negative crystal shaped 
CO2-rich fluid inclusions in olivine from xenolith gg-1-5.  Note the decrepitation halo and viskers around olivine-
hosted fluid inclusions.   
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4.3.6 Microthermometry of fluid inclusions 
 
As we have seen previously, fluid inclusions in the Jeju peridotite series are characteristic 
petrographic features and widespread, regardless of texture type.  Although, in every case fluid 
inclusions occur along intergranular trails (Fig. 36), their shape and room-temperature behavior 
indicate the presence of high density entrapped fluids (shown previously).  If this is the case, the 
upper mantle beneath Jeju Island is crosscut by several fluid zones, which could significantly 
affect for example the rheological properties of the lithosphere.  Therefore, microthermometric 
experiments were conducted on the fluid inclusion associations of 9 representative coarse-grained 
protogranular-porphyroclastic peridotite xenoliths (02-gg-2; 07-gg-01; gg-1-5; gg-a; gg-5; 07-sg-a; 
07-ss-a; 07-ss-c; ss-18).  On cooling at around -100 °C the fluid inclusions contained a solid and a 
vapor phase.  Upon increasing the temperature the solid phase melts at -56.6 °C (±0.5 °C) with 
no other observable melting events indicating that the trapped fluid is mostly CO2 (Fig. 37a). 
In contrast, the homogenization temperatures show a much wider range.  On the one hand, the 
smaller the fluid inclusion, the lower the homogenization temperature, regardless of the host 
mineral (Fig. 37b-d).  This is consistent with the petrographic observation (the larger inclusions 
are often decrepitated or show two phase at ambient conditions, Fig. 36) and with the 
experimental and theoretical studies on the effect of size on fluid inclusion reequilibration (e.g. 
Bodnar & Bethke, 1984, Bodnar et al., 1989, Sterner & Bodnar, 1989, Vityk & Bodnar, 1995, 
Bodnar, 2003).  On the other hand, the Ol-hosted fluid inclusions usually show 10-15 °C higher 
homogenization temperatures (Fig. 37b) than the detected lowest temperatures in pyroxene-
hosted fluid inclusions of the same fluid zone in a given peridotite sample (Fig. 37c-d).  This 
observation, again, is in a good correlation with the petrographic evidence that the Ol-hosted 
fluid inclusions often show viskers at the edges of inclusions (Fig. 36d) and are less preserved 
than the pyroxene-hosted counterparts. 
The homogenization temperatures of fluid inclusions show a continuous range from the lowest 
measured values of -37.0 °C (Table 8) up to the critical point of CO2 (+31.1 °C) (Fig. 37b-d).  
The lowest homogenization temperatures were always observed either in Opx- or in Cpx-hosted 
FI (Fig. 37b-d).  Generally, the most inclusions homogenize to the liquid phase, however in 
some cases homogenization to the vapor or by critical behavior could be also detected, especially 
in the largest fluid inclusions or in the Ol-hosted ones.  
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The lowest homogenization temperatures indicate fluid densities of 1.00-1.10 g/cm3 (assuming 
pure CO2 and the results are summarized in Table 8).  Such high densities were found in every 
xenolith, where sufficient number of freezing-heating experiments could be done.  Extrapolating 
the isochors corresponding to these CO2 densities to the estimated trapping temperatures of the 
fluid inclusion indicates minimum entrapment pressures of 0.65-0.83 GPa (Table 8).  
Figure 37 a-d Histograms showing the distribution of solid CO2 melting and homogenization temperatures in the 
peridotite series of Jeju Island.   
n: number of data.  (a) Histogram of solid CO2 melting temperatures in Ol-, Opx- and Cpx- hosted fluid inclusions. 
(b-d) Total homogenization temperatures vs. inclusion diameters for the Ol- (b) Opx- (c) and Cpx-hosted (d) fluid 




4.3.7 Raman spectroscopy of fluid inclusions 
 
Similarly to the fluid inclusions of the selected xenoliths of the BBHVF, microthermometric data 
on Jeju xenolith did not succeed to identify volatile components other than CO2 (Fig. 37a).  
However, results of study on the BBHVF xenoliths encouraged us to search for other volatile 
components, such as H2O in the fluid inclusions.  To accomplish this, we conducted Raman 
analyses at room and elevated temperatures (see details in analytical chapter). 
 
 
Figure 38 a-b 
Representative 
Raman spectra of 
fluid inclusions 
from the peridotite 
series of Jeju 
Island. 
a.u.: arbitrary units.  
(a) Representative 
Raman spectra of 
fluid inclusion in 
orthopyroxene at 
room temperature 
(green line).   
(b) Representative 
Raman spectra of 
fluid inclusion in 
orthopyroxene at 




















At room temperature only the Fermi diad of CO2 was observed in the Raman spectrum of fluid 
inclusions occurring at an average position of 1282.9±0.9 cm-1 and 1387.8±0.7 cm-1 (Fig. 38a).  
Conversely, upon heating, the Fermi diad of CO2 is present at 1286.4±0.7 cm-1 and 1389.3±0.7 
cm-1 as well as the single peak of dissolved H2O generally appears 3643-3647 cm-16 on spectra 
taken between 120-150 °C (Fig. 38b), as H2O-rich and CO2-rich phases homogenize into a single 
phase (e.g. Sterner & Bodnar, 1991, Diamond, 2001).  Even though the complete homogenization 
of the fluid inclusion cannot be recognized, at high temperature the distribution of dissolved 
H2O in CO2 is presumably uniform, which allows (semi-)quantification of spectra of the CO2-rich 
phase according to the method of Dubessy et al. (1992).  At 150 °C, the calculated H2O content 
ranges from 3.9 to 9.9 mol% and shows an average value at 5.8 mol% (n=5)7.  
Densities of the CO2 in the fluid inclusions were calculated using the Raman spectra according to 
the method of Kawakami et al. (2003), who documented that the Fermi resonance splitting 
between the upper and lower bands increases with increasing density and confirmed the 
applicability of the method from room temperature to 200 °C.  At room temperature majority of 
fluid inclusions show CO2-densities of 0.74-1.16 g/cm3 corresponding to liquid CO2 and thus, 
correlating well with results of microthermometry (Table 8).  At elevated temperature, CO2-
density of 0.2-0.7 g/cm3 was obtained from the Jeju peridotites, which agrees with the results of 
Kawakami et al. (2003), who calculated 0.21-0.81 g/cm3 density for supercritical CO2 in 
peridotites from Oki-Dogo (Japan) showing room-T density of 0.8-1.2 g/cm3.   
 
4.4 Characterization of the upper mantle beneath the Jeju Island  
 
4.4.1 Timing of events in the peridotite series 
 
Although there are some petrologic and geochemical studies on the ultramafic xenoliths of the 
Jeju Island (e.g. Choi, 1998, 2000, Choi et al., 2001, Choi et al., 2002), these studies did not 
recognized textural changes and their significance, instead, these studies identified uniformly only 
protogranular textures.  Nevertheless, our studied peridotites fit in the general petrographic and 
geochemical view of the Island.  The majority of the peridotite xenoliths from Jeju Island are 
coarse-grained protogranular-porphyroclastic (Fig. 30b, Table 8) with some rare examples for 
the fine-grained porphyroclastic (Fig. 30b, Table 8) and fine-grained mylonitic (Fig. 30b, Table 
8) textures.  Pyroxene porphyroclasts, regardless of the texture type of the peridotite, contain 
                                                 
6 Peaks between approximately 3000 cm-1 and 3600 cm-1 correspond to hydroxyl group of molecular water e.g. 
Ihinger, P. D., Hervig, R. L. & McMillan, P. F. (1994). Analytical methods for volatile in glasses.  Volatiles in Magmas, 
67-121.  
7 Note that the H2O content of the CO2-rich phase equals to the bulk H2O content only in homogenized fluid 
inclusions analyzed at high temperature.  
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exsolution lamellae (Fig. 31c-f), which are usually distorted by sub-grain walls of their host 
minerals (Fig. 31c-d).  The rock-forming minerals, as well as the exsolution lamellae in the 
pyroxenes are crosscut by fluid inclusion trails (Fig. 36), composed of mainly negative crystal 
shaped individual fluid inclusions (e.g. Fig. 36b).  Based on the petrographic observations, relative 
timing of these different events is necessary for the adequate discussion of the Jeju peridotite 
series. 
The predominance of the coarse-grained protogranular and porphyroclastic texture and the 
higher abundance of spinel lherzolites than spinel harzburgites in the set of our (Fig. 30a), as 
well as other previously published xenolith series (e.g. Choi, 1998, 2000, Choi et al., 2001, Choi et 
al., 2002) indicate that the upper mantle beneath the island is basically dominated by this 
lithology.  Furthermore, the widespread occurrence of exsolution lamellae, regardless of texture 
type or lithology, may indicate that the upper mantle, composed of coarse-grained peridotites, 
was characterized by higher temperature (and probably pressure) conditions, which have 
significantly decreased during the evolution of the sub-continental lithospheric mantle (discussed 
later).  Re-equilibration of the upper mantle has led to the formation of exsolution lamellae 
(clinopyroxene in orthopyroxene and orthopyroxene±spinel in clinopyroxene) with similar 
chemical composition to the interstitial mineral phases (Appendix 6).  The distorted exsolution 
lamellae (Fig. 31c-d) indicate that the (P)-T drop was followed by deformation process(es), 
which might have led to (1) the decrease of grain size and (2) the variation of texture types 
(discussed later).  As it was shown previously, the petrographic observation suggests that trail of 
fluid inclusions in Jeju Island cross several mineral grains (Fig. 36), and the fluids were entrapped 
as secondary inclusions with regard to the formation of their host minerals.  However, based on 
the petrography and microthermometric results (e.g. densities, Table 8) of the fluid inclusions, as 
well as the lack of clear evidence for the presence of coexisting silicate melt inclusions indicate 
that these fluids can be also regarded as common fluid inclusions entrapped at upper mantle 
conditions in the deep sub-continental lithosphere (e.g. Roedder, 1984, de Vivo et al., 1988, 
Frezzotti et al., 1992, Roedder, 1994).  This could be interpreted to indicate that the fluid 
inclusions are not originated through immiscibility with a silicate melt at or near the site of 
inclusions formation.  Thus, it is probable that the ascending silicate melt lost volatiles, 
particularly CO2, continuously within the relatively limited PT stability field of supercritical CO2 
in the shallow lithospheric mantle (e.g. Szabó & Bodnar, 1996 and references therein).  The CO2-
rich fluid then could migrate as a separate phase to the site of trapping.  Based on similar 
approaches, Szabó & Bodnar (1996) distinguished at least two generations of CO2-rich fluid 
inclusions (older formed by immiscibility, younger formed by in-situ remobilization and re-
entrapment of CO2) from the Nógrád-Gömör Volcanic Field (N-Hungary).  If the CO2-rich fluid 
inclusions of Jeju Island are also formed by immiscibility from a siliceous melt, they may have 
preserved the original trace element pattern of the silicate melt, as it was shown and suggested 
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previously based on the trace element distribution of coexisiting silicate melt and fluid inclusions 
from the BBHVF.  Nevertheless, high-T Raman spectroscopy (according to the method of 
Berkesi et al., submitted) proved the presence of H2O beside the common CO2 (Fig. 38b) and 
suggests similar composition to the fluid inclusions from the BBHVF (Fig. 18a).  However, it 
should be noted that the density of fluids in the Jeju peridotite series highly depend on the host 
minerals (Fig. 37b-d).  As a general observation, even in the same intergranular fluid inclusion 
plane, the fluid inclusions show higher densities in pyroxenes (Fig. 37c-d) than in olivine (Fig. 
37b).  In contrast, there is no significant difference in size or quality between Opx-hosted and 
Cpx-hosted fluid inclusions.  Similar conclusions were drawn by several authors worldwide (e.g. 
Roedder, 1984, de Vivo et al., 1988, Szabó & Bodnar, 1996) advising special care during 
interpretation of fluid inclusion data, especially, if the PT conditions of entrapment are to be 
determined.  Therefore, we suggest that the Opx-hosted and Cpx-hosted fluid inclusions (Fig. 
36b-c) are the best hosts for any fluid inclusion studies from the Jeju peridotite series in the 
future. The widespread occurrence of fluid inclusions in the Jeju peridotite series also indicate 
that the upper mantle is crosscut by several C-O-H bearing fluid inclusion zones, which could 
significantly affect the rheology beneath the Island, however, based on the petrographic 
evidences (e.g. Fig. 36a), the fluid entrapment can be regarded as a late stage event in the 
evolution of the shallow sub-continental lithospheric mantle.    
 
4.4.2 The PT conditions of the peridotites  
 
Equilibrium temperatures of the peridotites of Jeju Island were calculated using both the ‘Ca-in-
Opx’ and ‘two-pyroxene’ method of Brey & Köhler (1990), which estimate similar temperature 
range of 910-1030 °C (with average values of 960±30 °C and 945±55 °C, respectively) (Table 8).  
This temperature interval corresponds to the previously published range of 880-1040 °C of the 
coarse-grained protogranular peridotite xenoliths from Jeju Island (e.g. Choi, 1998, Choi, 2000, 
Choi et al., 2001, Choi et al., 2002).  Clear correlation was not found between either texture type 
or lithology and calculated equilibrium temperature, but it should be noted that the fine-grained 
peridotites (fine-grained porphyroclastic and fine-grained mylonitic) are always of the highest 
temperatures (Table 8).  Besides, the peridotites of Sinsanri also appear to show slightly higher 
temperatures than those of the other outcrops (Table 8), but it might be an artificial effect as 
these xenoliths show well developed exsolution lamellae (Fig. 31c-f).  Using mass balance 
calculations, exsolution lamellae in four peridotite xenoliths (0204-ss-3, ss-16, ss-17 and ss-18) 
have been recalculated into the structure of the pyroxenes (1) to estimate bulk compositions and 
(2) to estimate former equilibrium temperatures as it was proposed by Witt & Seck (1987).  
Equilibrium temperatures calculated from these bulk compositions show approximately 80-150 
°C higher values than those of calculated from the present-day composition of the minerals (the 
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latter shown in Table 8).  The presence of exsolution lamellae undoubtedly refers to significant 
drop of temperature and probably pressure along with re-equilibration at shallower depths during 
the evolution of the lithospheric mantle.  However, the calculated values should be handled with 
care and suggested to consider as approximate estimations.  
There is no reliable geobarometer for the spinel peridotite stability field, which makes the 
estimation of equilibrium pressure of the xenoliths very difficult.  Although Choi et al. (2001) and 
Lee (2005) estimated equilibrium pressures using the geobarometer of Köhler & Brey (1990), 
obvious contradictions (e.g. highest values fall in the garnet stability field) and the fact that 1.4 
GPa pressure difference with 160 °C temperature range between 880 and 1040 °C indicates 
cratonic geotherm, make their calculation uncertain.  In contrast, widely occurring fluid 
inclusions in the Jeju peridotite series might provide an independent tool to estimate the 
minimum pressure conditions at which the xenoliths originate as it was shown by several authors 
worldwide (e.g. Szabó & Bodnar, 1996, Frezzotti, 2001, Berkesi et al., 2007).  In such calculations, 
the minimum trapping pressure is calculated from (1) composition and density of fluid inclusions; 
(2) entrapment temperature, which is usually calculated from the major element composition of 
the constituent minerals.  Microthermometry determines the bulk density of fluid inclusions, 
whereas the temperature is delivered by geothermometry of the peridotites.  However, fluid 
inclusions in many cases re-equilibrate after entrapment (e.g. Bodnar, 2003), which often 
decreases their original density and gives only minimum values in density and pressure 
calculations.  The fluid inclusions entrapped in the rock forming minerals of the Jeju peridotites 
along healed fractures show negative crystal shape (Fig. 36b) and high density (Fig. 37b-d, 
Table 8), which are typical of mantle derived fluid inclusions.  The density of fluid inclusions in 
selected peridotites is almost constant in the range of 910-1030 °C, indicating that the peridotite 
series sampled fairly the same horizon and are not suitable for further geotherm assessment. 
The slight, thus consistent variation in equilibrium temperatures, therefore, might indicate that 
the xenoliths (1) sampled a relatively narrow vertical section of the shallow sub-continental 
lithospheric mantle or (2) derive from the same horizon representing a horizontally 
heterogeneous sub-continental lithospheric mantle beneath Jeju Island.  As there is no evidence 
either in the literature, in the geophysical databases or on the surface for a horizontally 
heterogeneous upper mantle beneath the island, where the temperature could be suddenly 
changed by 100-120 °C (regarding the calculated 910-1030 °C temperature interval), the most 
probable answer is that the xenoliths derive from a narrow horizon of a compositionally and 




4.4.3 Depletion and metasomatic processes in the sub-continental lithospheric mantle of 
Jeju 
  
According to the OSMA diagram (Fig. 39) the peridotites of Jeju, regardless of grain size, went 
through relatively low degree of partial melting (max. 25 %), indicating that lherzolites 
characterize less depleted lithospheric mantle than, for example, those of the CPR (Fig. 23).  
However, harzburgites in Jeju Island, as observed usually worldwide (e.g. Walter et al., 1995), 
might represent residual mantle following a slightly larger degree of partial melting compared to 
lherzolites, although such correlation of lithology and major element composition is not 
observed.  Nevertheless, this result is similar to the general observation and conclusion of 
previous authors (Choi, 1998, 2000, Choi et al., 2001, Choi et al., 2002, Lee, 2005) on the overall 






Figure 39  Relationship 
between the mg# 
(=Mg/Mg+Fe) of olivines 
(=forsterite content of 
olivine) and cr# 
(=Cr/Cr+Al) of spinels 
with calculated 
compositions of 20 % and 
30 % partial melting 
(OSMA diagram after Arai, 
1994) in the studied 
peridotites from Jeju Island.   
 
 (filled circle): coarse-grained protogranular-porphyroclastic;  (filled diamond): fine-grained porphyroclastic;  
(filled star): fine-grained mylonitic.  Data for comparison (blue shaded area) are from the coarse-grained peridotites 
of Jeju Island after Choi et al. (2001).   
 
In contrast, the trace element composition of clinopyroxenes from the Jeju peridotite series is far 
more complex than it is expected from the major element composition.  Residual peridotites 
usually show a LREE-depleted character after simple melt extraction, because the bulk partition 
coefficient of peridotite/melt is much higher for HREE than for LREE.  Majority of the coarse-
grained protogranular-porphyroclastic xenoliths shows such LREE depleted character (Fig. 
35b1-b6), which is in a good correspondence with the degree of suspected partial melting (Fig. 
39).  However, the observed enrichment of LREE, particularly La and Ce, especially in the fine-
grained porphyroclastic and fine-grained mylonitic peridotites (Fig. 35b11-b16) is controversial 
to the conclusions drawn from major element composition.  Basically, interaction two magma 
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types can produce spoon-shaped chondrite-normalized REE patterns in mantle clinopyroxenes: 
(1) carbonatites (e.g. Blusztajn & Shimizu, 1994, Lenoir et al., 1997) and (2) boninites (e.g. Melcher 
et al., 2002, Santos et al., 2002).  As the reaction of carbonatitic melt with the peridotitic upper 
mantle at 960-1100 °C and max. 2.1 GPa leads to either the formation of clinopyroxene (Green 
& Wallace, 1988, Yaxley et al., 1998) producing wehrlites or to the formation of orthopyroxene 
and apatite (Yaxley et al., 1991), the reaction with carbonatitic melt is less probable, because these 
minerals are present in the studied rocks.  In contrast, migration and crystallization of Mg-Si-rich 
magmas (sensu lato boninites) produces MREE-depleted clinopyroxenes as described by Melcher 
et al. (2002) and Santos et al. (2002) also forms orthopyroxenes finally producing orthopyroxene-
rich mantle rocks.  It should be noted that evidences for such modal metasomatism producing 
orthopyroxene-enrichment have not been found either (Fig. 30a).  According to the widely 
accepted model of Frey & Green (1974), which is also suitable for explaining the complex trace 
element pattern of the Jeju peridotite series, the lithospheric mantle should be initially depleted as 
a result of basaltic melt extraction and then it should be enriched by the incorporation of small 
amounts of incompatible element-rich silica-undersaturated melt.  As the amount of such melt 
was not enough either to significantly change the modal lithology of the peridotites or to produce 
new mineral phases, it is less probable that it derived from a subducted slab, because in that case 
higher melt/rock ratios and modal metasomatism are expected.  In contrast, the Jeju peridotites 
have experienced only cryptic metasomatism (as suggested by Dawson, 1984).  Choi et al. (2002), 
applying the model of Mukasa & Shervais (1999) and Takazawa et al. (2000) also suggested low 
melt/rock ratio for the Jeju peridotite series, which might not have significantly perturbed the 
mineral modes or major oxide compositions.  This is a widespread phenomenon in volatile-free 
spinel peridotite xenoliths in continental settings (e.g. Menzies et al., 1985, Liang & Elthon, 1990, 
Wiechert et al., 1997, Xu et al., 2000), however, it seems that in Jeju Island not exclusively, but 
mainly the fine-grained porphyroclastic and fine-grained mylonitic peridotites were affected by 
this metasomatic process (discussed later).  
 
4.4.4 Deformation mechanisms in the shallow sub-continental lithospheric mantle of Jeju 
Island 
 
The development of crystallographic preferred orientation (CPO) of minerals in mantle rocks is 
attributed to deformation related to major tectonic processes within the lithospheric mantle.  
Olivines in the studied peridotite xenoliths, regardless of grain size or texture type, display 
complicated and weak to moderate olivine CPOs (Fig. 33) and indicate the pre-dominance of 
(010)[100] slip system and the activation of (0kl)[100].  The former slip system is activated at high 
temperature (min. 1000-1100 °C), under low stress and water-poor conditions (e.g. Tommasi et al., 
1999, Jung & Karato, 2001, Karato et al., 2008 and references therein).  The latter slip system is 
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activated at very similar conditions, but at lower temperatures (800-1000 °C) (e.g. Karato et al., 
2008).  Therefore, CPOs in the studied peridotites suggest intracrystalline deformation by 
dislocation glide, demonstrating that the deformation essentially took place in the dislocation 
creep regime (Van Der Wal & Bodinier, 1996, Vauchez & Garrido, 2001).  According to the 
similar orientation distribution of olivines, it is obvious that deformation by dislocation creep 
affected the complete set of peridotites from Jeju Island (Fig. 33).  
The J-index (Bunge, 1982), as discussed before, is a measure of fabric strength in the geological 
and materials science literature (e.g. Mainprice & Silver, 1993, Ben Ismail & Mainprice, 1998) by 
definition ranges from unity (corresponding to a completely random fabric) to infinity (a single 
crystal fabric, perfect orientation).  Usually, mantle peridotites have olivine J-index in the range of 
2-25 and only few have values greater than 20 (Ben Ismail & Mainprice, 1998).  J-indices were 
calculated for 10 000 randomly selected orientation data in the seven peridotite xenoliths, which 
proved to be enough for a reliable and realistic estimation of fabric strength.  The calculated J-
indices for the olivines of the fine grained mylonitic series range from 1.96 (06-ss-3) to 3.45 (06-
ss-1) (Fig. 40b, Table 9) and considered as weak fabrics.  In contrast, J-indices in olivines of the 
fine-grained porphyroclastic peridotites show moderate fabric strength with values of 3.60 (07-ss-
b) and 4.01 (07-sg-b) (Fig. 40b, Table 9).   
In the coarse-grained protogranular-porphyroclastic peridotites J-index is 3.56 for xenolith 02-ss-
2 and 7.92 for xenolith 07-gg-01 suggesting moderate-strong fabric (Fig. 40b, Table 9).  
However, it should be noted that although xenolith 02-ss-2 belongs to the coarse-grained 
peridotites, its texture is coarse-grained porphyroclastic, which can be responsible for the weaker 
fabric.  Negative correlation was found between the J-index and equilibrium temperatures in the 
seven studied peridotites (Fig. 40b, Table 9) and, similarly, medians of grain size also show 
negative correlation with the equilibrium temperatures.  Note, however, that in this section only 
the 7 peridotite xenoliths are discussed, which were analyzed by EBSD.  Regarding the whole set 
of peridotites, no significant correlation could be observed between the grain size and equilibrium 
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temperature.  In contrast, a positive correlation was revealed between J-indices and grain size of 
the peridotites from Jeju Island (Fig. 40b).   
Question arises, what kind of processes can be responsible for the smaller grain size and the 
weaker fabric.  Particularly the fine-grained mylonitic xenoliths (06-ss-1, 06-ss-2 and 06-ss-3), but 
also the fine-grained porphyroclastic peridotites have strain-free tabular to mosaic equigranular 
grains with rare porphyroclastic relics in straight, gently curved grain boundaries typical of 
dynamic (±static) recrystallization.  The most distinctive evidences for the dynamic 
recrystallization are the presence of bimodal grain size distribution and the formation of CPO.  
The bimodal distribution with fine grain neoblasts between large porphyroclastic relics with kink 
bands and undulose extinction in the peridotites (Fig. 30b, 31a-b, 32) indicates partially-
recrystallized fabrics by dynamic recrystallization at a specific differential stress, where the 
neoblasts are newly-formed grains (Passchier & Trouw, 1996).  The presence of microstructures 
for the grain boundary migration such as spinel inclusions in orthopyroxene and olivine are also 
suggested to be the evidence for dynamic recrystallization (e.g. Mercier & Nicolas, 1975).  Most of 
the mantle derived xenoliths worldwide, undoubtedly experienced to some extent static 
recrystallization and annealing.  It is widely accepted that annealing and static recrystallization is 
primarily a thermally induced process (Lloyd et al., 1997), however the presence of migrating 
fluids and melts may also facilitate or, at least, have an impact on the recrystallization process 
(Bussod & Christie, 1991).  Annealing may take place in situ in the mantle after the cessation of a 
deformation (e.g. Harte et al., 1975, Mercier & Nicolas, 1975).  Subsequent thermal and fluid/melt 
pulse, related to the rising of hot asthenospheric material, might also result in annealing and static 
recrystallization in the upper mantle (Van der Wal & Bodinier, 1996, Vauchez & Garrido, 2001).  
The studied peridotite xenoliths also experienced to some extent static recrystallization as shown 
by annealing features such as more straight grain boundaries with triple junctions (Fig. 31a-b).  It 
also was not strong enough to destroy all the previous textural and fabric features, implying 
relatively weak thermal effect at low to moderate temperatures based on their small grain 
sizes, as well as their weak fabric as described in the previous sections.  The weak 
annealing processes were probably resulted from the heat flow from the host magma 
emplacement or the migration of metasomatic melts/fluids, especially along the foliation plane, 
indicating influence of the percolation of the mantle melts and/or fluids.   
However, the scatter in the crystallographic orientations and the resulting weak CPOs, especially 
in the fine grained peridotites (Fig. 33), imply that other processes could have either overprinted 
the original crystallographic preferred orientation or other processes, e.g. grain boundary sliding, 
at low temperatures (Hirth & Kohlstedt, 2003) may also have played significant role during 
deformation resulting in relatively weak CPOs.   
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Based on this theory, three possible ways of development for the studied fine-grained 
porphyroclastic and fine-grained mylonitic xenoliths are described below: 
 
(1) The deformation was a combination of crystal plastic and diffusion creep deformation 
mechanisms together with grain boundary sliding and resulted in ‘original weak fabric’ 
described by Hirth & Kohlstedt (2003);  
(2) Development of strong CPO, followed by intensive melt/wall rock reaction, crystallization 
of new phases, randomizing CPO similar to strongly metasomatized peridotite bodies and 
mantle xenolith worldwide described by e.g. Newman et al. (1999) and Vauchez & Tommasi 
(2003) – ‘reaction randomization’ type;  
(3) Early deformation phase creating strong CPO and a later phase(s), not dominated by 
dislocation creep, randomizing crystallographic orientations – ‘multiple deformation’ type.  
Similar process of fabric randomization was described by Warren & Hirth (2006) in mantle 
peridotites with originally strong fabric and subsequent mylonitization.  
 
Equilibrium temperatures estimated for the studied fine-grained porphyroclastic and fine-grained 
mylonitic mantle xenoliths (Table 8) are relatively high, close to maximum temperatures found at 
Jeju Island (e.g. Choi et al., 2001), regardless of the grain size.  On the one hand, such high 
equilibrium temperatures are in strong contradiction with the development of ‘original weak 
fabric’ type because these textures would require a relatively lower temperature.  However, timing 
of the deformation is not possible, the presence of exsolution lamellae in the peridotite series 
(Fig. 31c-f) indicate even higher former equilibrium temperatures than those of calculated from 
the present-day composition of pyroxenes (summarized in Table 8).  On the other hand, 
according to the petrographic observations (Fig. 30, 32), major and trace element chemistry (Fig. 
34, 35), as well as the fabric strength (Fig. 40b, Table 9) a continuous transition exists from the 
coarse-grained protogranular-porphyroclastic through the fine-grained porphyroclastic to the 
fine-grained mylonitic texture type, which outlines a mechanical evolution trend in the peridotite 
series, where the coarse grained ones (especially xenolith 07-gg-01) exhibit moderate to strong 
fabric (J-index up to 7.92).  These evidences make the ‘original weak fabric’ theory highly unlikely 
for the Jeju peridotite series.  
Both ‘reaction randomization’ and ‘multiple deformation’ types could be associated with high 
equilibrium temperatures.  In the former case high temperature is maintained (or reached several 
times) throughout the whole evolution history due to continuous infiltration and reaction with 
hot magmas.  Whereas, in the latter case, first deformation phase developing CPO is suggested to 
have taken place at high temperatures, which could have even been an ancient stage of the upper 
mantle evolution related to e.g. asthenospheric flow.  This early state was then followed by late 
deformation episodes, high stress, low temperature deformation phases developing the mylonitic 
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textures that were not accompanied by thermal re-equilibration.  Intensive melt/wall-rock 
reactions with crystallizing phases (‘reaction randomization’) may indeed weaken originally 
developed mantle fabrics (e.g. Vauchez & Tommasi, 2003), the studied mantle peridotites are 
mainly depleted lherzolites and harzburgites, following the normal depletion trend (Fig. 34).  
However, these reactions not only influence original fabric, but are expected to shift peridotite 
compositions from the normal depletion trend  (e.g. Walter et al., 1995), depending on the melt 
composition, either to extremely depleted dunite, orthopyroxene-rich harzburgite (Kelemen et al., 
1992), or clinopyroxene-rich wehrlite (e.g. Griffin et al., 1999, Downes, 2001, Ionov et al., 2005).  
Abundance of peridotites with such lithology in Jeju Island is eligible (Fig. 30a) (e.g. Choi, 1998), 
thus ‘reaction randomization’ type is less probable.   
We suggest that the grain-size reduction in the fine grained porphyroclastic and fine grained 
mylonitic peridotites appear to be the combination of deformation processes and the peridotite 
xenoliths from Jeju Island represent ‘multiple deformation’ evolution, with at least an early stage 
dominated by dislocation creep, where the originally coarse grained peridotites went through high 
temperature deformation (perhaps at temperatures where exsolution lamellae were still dissolved 
in the structure of pyroxenes, at approximately 1100-1150 °C as discussed previously).  This 
deformation resulted in a relatively strong fabric, preserved now in the coarse-grained 
protogranular peridotites (e.g. 07-gg-01, Fig. 40b, Table 9).  Based on the type of fabric, this 
deformation phase could represent mantle flow and high temperature dislocation creep (e.g. Ben 
Ismail & Mainprice, 1998).  The fabric developing deformation was followed by at least one other 
deformation phase at probably lower temperature, when the finer grained peridotites, including 
the fine-grained porphyroclastic (07sg-b and 07-ss-b) and fine-grained mylonitic (06-ss-1, 06-ss-2 
and 06-ss-3) ones were formed.  In contrast, the effect of this/these further deformation event(s) 
is less pronounced in the coarse-grained protogranular-porphyroclastic series and was preserved 
as weak indications for internal stress in the porphyroclasts (sub-grain boundaries, Fig. 31b) 
resulting in the distortion of otherwise straight exsolution lamellae in pyroxenes (Fig. 31c-d).  
Development of such texture is attributed to grain boundary sliding dominated deformation (e.g. 
Hirth & Kohlstedt, 2003).  It should be also noted that foliated macroscopic occurrence, 
characteristic of the fine-grained mylonitic peridotites (Fig. 30b), apart from kimberlitic nodules, 
always indicates late stage localized lithospheric deformation (e.g. Michibayashi et al., 2006).  
Fabries et al. (1998), based on studies on orogenic lherzolite bodies from the central-western 
Pyrenees, suggested similar scenario where an early high temperature history of peridotites was 
followed by a stage of isobaric cooling before mylonitization.  Vissers et al. (1997), based on their 
results on the Turon de Técouère peridotites (North Pyrenean Zone, France), discussed that the 
development of mylonites was associated with syntectonic pressure decrease (as suggested by 
observed phase transitions).  An obvious explanation for this decrease in pressure is exhumation 
of upper mantle rocks in response to lithosphere extension and thinning accommodated by 
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crustal and upper mantle shear zones, but exhumation-related mylonitization during or after 
thermal relaxation of the lithosphere is less likely.  Nevertheless, the suggested late deformation 
phase(s) of the sub-continental lithospheric mantle of Jeju Island could be characterized with 
high stress, relatively low temperature or dominantly non-dislocation creep deformation 
according to the results of olivine orientation distribution studies.  However, the equilibrium 
temperature of the fine-grained porphyroclastic and the fine-grained mylonitic peridotites is the 
same, or even higher than that of the coarse-grained peridotites (Table 8).  This indicates that 
grain-size reduction and formation of mylonites and fine-grained porphyroclastic peridotites in 
Jeju Island might take place at slightly elevated temperature (~1000 °C), compared to other 
mylonites in the upper mantle worldwide (~600-700 °C, e.g. Vissers et al. 1997, Fabries et al., 1998, 
Newman et al., 1999).  Nevertheless, chemical disequilibrium between olivine neoblasts and 
pyroxene porphyroclasts, of which equilibrium temperature was calculated, can be a plausible 
explanation for the elevated temperature, if this temperature does not represent the original 
condition of the mylonitization.  It should be noted that Falus et al. (2008) supposed similar 
temperature (~900 °C) for the mylonitization of similar peridotite xenoliths of the East-
Transylvanian Basin Volcanic Field (eastern CPR).  Interestingly, high-temperature embrittlement 
of some crustal mylonite zones can also be explained by high fluid pressure and local bending 
strain instead of temperature or pressure decrease (e.g. Axen et al., 2001).  Although, the fluid 
inclusions are present in every xenolith of the peridotite series and are the results of late-stage 
fluid migration in the sub-continental lithospheric mantle beneath the Jeju Island (discussed 
previously), their contribution to the elevated-temperature mylonitization of the peridotites is 
highly unlikely.   
We suppose that the fine-grained mylonitic peridotites (Fig. 30b) could represent the 
manifestation of localization of late stage deformation event.  Thus, the rare exposure of these 
xenoliths on the surface is possibly the external expression of the internal rarity, indicating that 







Figure 40 a-c  Relationship between fabric and trace element composition in the Jeju peridotite series.   
Figure shown on next page.  (a) Crystallographic preferred orientation of olivine, grain size distribution and C1 
chondrite (Nakamura, 1974) normalized REE+Y composition of clinopyroxenes in two fine-grained mylonitic, two 
fine-grained porphyroclastic and two coarse-grained protogranular-porphyroclastic peridotites.  Data were already 
shown on previous figures.  (b) J-index (Bunge, 1982) vs. median of grain size on left and J-index (Bunge, 1982) vs. 
equilibrium temperature of peridotites (Ca-in-Opx method with error bars, Brey and Köhler, 1990) on right.  Note 
that xenolith 06-ss-1 is also present here, having the smallest grain size and lowest J-index. (c) (Ce/Yb)N vs. (La/Lu)N 





4.4.5 Relationship between deformation and metasomatism 
 
The enrichment in LREE found in the Jeju peridotites is attributed to later metasomatism by the 
infiltration of small amounts of silica-undersaturated melts or fluids enriched in LREE, which 
contaminated the LREE-depleted protoliths (Fig. 35), as it was already proposed by Choi et al. 
(2002) for some coarse-grained peridotites, and as it was discussed previously here.  However, 
coarse-grained peridotites are usually depleted with few exceptions showing LREE enrichment, 
the fine-grained porphyroclastic and fine-grained mylonitic peridotites always possess an overall 
enriched character and spoon-shaped REE+Y distribution (Fig. 35b11-b16).  Therefore, based 
on the results of trace element geochemistry and orientation analysis, an obvious correlation is 
revealed between deformation and metasomatism, by which smaller the grain size and weaker the 
fabric, more enriched the LREE composition (Fig. 40a, c).   
The apparent relation between deformation and the growth of metasomatic minerals was already 
recognized by several authors worldwide as metasomatic minerals (e.g. amphibole or phlogopite) 
are often concentrated in strongly deformed zones in peridotite massifs and deformed peridotite 
xenoliths (e.g. Nicolas et al., 1987, Bodinier et al., 1990, Mukasa & Shervais, 1999, Zanetti et al., 
1999).  A relation can also be often seen between deformation and indicators of geochemical 
enrichment as clinopyroxenes from many deformed equigranular spinel peridotites show LREE 
enrichment, whereas clinopyroxene from protogranular spinel peridotites commonly have LREE 
depleted patterns (e.g. Downes et al., 1992).  Waff & Holdren (1981) concluded that refractory 
mantle may be effectively non-porous to mafic magma.  In contrast, experimental studies using 
pure olivine samples (Waff & Faul, 1992) were interpreted as indicating substantial grain-edge 
wetting by mafic melt, where the melt fraction is >1 % in a rock with strong crystallographic 
preferred olivine grain orientation.  Thus, in mantle regions where peridotite is anisotropic, 
substantial permeability to mafic melts may be possible.  Experiments by Toramaru & Fujii 
(1986) on lherzolite indicated that dihedral angles were significantly smaller for melt in contact 
with olivine-olivine boundaries than for olivine-pyroxene and pyroxene-pyroxene boundaries.  
They concluded that the modal proportion of olivine and grain size are the most important 
determinants of mafic melt connectivity behavior as higher olivine contents and smaller grain 
sizes favor connectivity.  Similar conclusion was drawn by Bussod & Christie (1991) in their 
experimentally deformed spinel lherzolite at hypersolidus conditions.   These observations can be 
used to infer that the shallow mantle contains lithospheric ductile shear zones which ease the 
percolation of metasomatic fluids.  The fine-grained porphyroclastic and the fine-grained 
mylonitic peridotites from Jeju Island are neither extreme rich in olivine (Fig. 30a, Table 8) nor 
exhibit strong fabric and anisotropy (Fig. 40b, Table 9) yet compared to the coarse-grained 
ones, they possess significantly smaller grain size (Fig. 40a) and spoon-shaped REE patterns, as 
the cryptic metasomatism beneath the sub-continental lithospheric mantle was probably confined 
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to this ductile shear zone from where these xenoliths originate.  However, it is not clear whether 
the recrystallized nature of shear zone encouraged preferential melt infiltration causing cryptic 
metasomatism, or whether the shear zone is a result of deformation lubricated by the fluid flow, 
as the question was raised by Downes (1988, 1990).  Nevertheless, it is well known that reactivity 
of metasomatic agents significantly decreases with the distance from the vein (Bodinier et al., 
1990), therefore the rare coarse-grained peridotites in Jeju Island, which have enriched LREE 
character (07-ss-a and 02-gg-2 on Fig. 35) might have originated from the vicinity of the ductile 
shear zone and their strong olivine orientation might also enhance the percolation of 
metasomatic agents (Waff & Faul, 1992).  In contrast, coarse-grained peridotites with depleted 
LREE character (Fig. 35a1-b6) represent the original wall-rock, prior to the shear deformation.  
These observations support the idea that the sub-continental lithospheric mantle beneath Jeju 
Island, in terms of fabric and trace element composition, is both rheologically and chemically 
heterogeneous, composed of narrow and localized shear zones which might favorably drive the 
percolation of melts/fluids. 
 
4.4.6 Geodynamic outlook 
 
The next task is how the ‘multiple deformation’ evolution of the lithospheric mantle can be 
linked to the geodynamic evolutional stages of the region.  It is suggested that in many cases 
CPO is developed as a consequence of mantle flow in the early evolution stage of the 
lithospheric upper mantle (e.g. Ben Ismail & Mainprice, 1998).  The most probable candidate in 
the geodynamic evolution of the region, which could trigger mantle flow, might be the Izanagi 
plate being subducted beneath the Eurasian plate between 130-100 Ma (Yanai et al., 1985, Sager et 
al., 1988, Kim, 1996, Steinberger & Gaina, 2007 and references therein) (Fig. 28a-c).  Its rapid 
subduction also formed a megashear in the Asia plate (Otsuki, 1985) as a series of strike-slip 
extensional basins (Chough et al., 2000).  However, timing, existence and movement of this plate 
are very enigmatic and the estimation of its effect on the evolution of the lithospheric mantle 
beneath the island is very problematic.  Note that asthenospheric flow, induced by the collision in 
the Himalayas might have an impact on the deformation patterns, as well (Flower et al., 1998, 
2001).  Nevertheless, the weakening of CPO in the fine grained peridotites indicates physico-
chemical processes overprinting these original mantle features.  Localized, narrow deformation 
zones are typical lithospheric deformation features and often correspond to major tectonic 
processes (e.g. rifting, tectonic emplacement).  For the most probable tectonic process, which 
could trigger deformation in the upper mantle, represented by the fine-grained porphyroclastic 
and fine-grained mylonitic peridotites is the opening of the Okinawa trough of the Jeju-Taiwan 
back-arc system and following cycles of volcanism.  The inferred slip systems from the CPO of 
olivine are regarded to be low-stress and medium to high temperature deformation at shear 
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condition (Zhang et al., 2000, Jung & Karato, 2001, Katayama et al., 2004, Karato et al., 2008).  
Regarding that the orientation pattern of olivine could be interpreted as the result of non-coaxial 
deformation, the studied peridotites are clear evidences for shear deformation in the upper 
mantle beneath Jeju Island, which is presumably the consequence of small-scale non-coaxial 
tectonic processes in this region. This could mean that deformation/recrystallization processes 
that drive the development of such specific orientation patterns are confined to rigid lithosphere. 
 
4.4.7 Seismic anisotropy 
 
As discussed earlier, seismic anisotropy in the upper mantle is the consequence of elastic 
anisotropy of the volumetrically dominant phases, mainly olivine and pyroxenes (e.g. Nicolas & 
Christensen, 1987).  Upon deformation, dislocation creep rotates the fast axes of olivine, the 
main component of the upper mantle, toward the shear direction.  Fast shear waves are polarized 
parallel to the lineation and the highest delay times are obtained for shear waves propagating 
within the foliation and normal to the lineation.  P wave propagation is fastest parallel to the 
lineation and slowest normal to the foliation.  The bulk fast direction of the mantle rocks is then 
mainly affected by the preferred orientation of olivine, giving rise to the bulk anisotropy (Savage, 
1999).  Kang & Shin (in press) investigated seismic anisotropy beneath the southern Korean 
Peninsula based on the SkS8 waves of deep-focused earthquakes recorded at 35 broadband 
stations (including Jeju Island).  The most striking feature of their observed splitting patterns is 
the NW-SE preference of fast directions that are nearly parallel to the absolute plate motion in 
the region (Fig. 42).  However, the splitting patterns over the region show significant variation in 
splitting parameters indicating a complex anisotropic structure.  Variations of the splitting 
directions and dissimilarity in the source domains of basaltic volcanisms suggest that 
asthenospheric flow since at least the late Cenozoic cannot solely explain the seismic anisotropy 
beneath the region.  Kang & Shin (in press), based on the similarities of these results to the shear-
wave splitting measurements in China, concluded that the shallow lithospheric mantle beneath 
the southern Korean Peninsula retains the fossil anisotropy amalgamated prior to the late 
Paleozoic before the collision between North China Block and South China Block (Fig. 28a-c) 
and the anisotropic structure was not completely realigned by the major orogenic events during 
the late Paleozoic to Mesozoic eras.  During the late Mesozoic to the Cenozoic, the eastern 
margin of the Eurasian continent went through widespread deformation in the lower part of the 
lithospheric mantle relating to either thermal erosion (e.g. Chen et al., 2003) or delamination (e.g. 
Gao et al., 2004).  Therefore, if the mantle anisotropy in the region represents the pre-Mesozoic 
                                                 
8 SkS travels as a P-wave in the outer core and as a S-wave in the mantle.  SkS has only one polarization coming out 
of the outer core. 
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fossil anisotropy, its source is the shallow lithospheric mantle relatively unaffected by 
deformation, rather than the asthenospheric flow (Kang & Shin, in press). 
Based on the CPO data (Fig. 33) and modal compositions (Table 8), seismic anisotropy values 
for the studied seven peridotite xenoliths were calculated using the softwares of Mainprice 
(2005c, 2005b) (Fig. 41).  Maximum polarization anisotropy for shear waves (AVs %) varies from 
(1) 3.38 % to 4.09 % in the coarse-grained protogranular-porphyroclastic peridotites of 02-ss-2 
and 07-gg-01, (2) 4.07 % to 4.85 % in the fine-grained porphyroclastic peridotites of 07-sg-b and 
07-ss-b, and (3) 2.48 % to 3.69 % in the fine-grained mylonitic peridotites of 06-ss-1, 06-ss-2 and 
06-ss-3 (Table 9).  Maximum anisotropies for SkS waves will be sampled if the average foliation 
in the lithospheric mantle is vertical and the lineation horizontal and parallel to the plate motion 
(i.e. wrench-like fabric).  Maximum P wave anisotropy (AVp %) varies from (1) 4.4 % to 4.6 % in 
the coarse-grained protogranular-porphyroclastic peridotites of 02-ss-2 and 07-gg-01, (2) 4.7 % to 
7.3 % in the fine-grained porphyroclastic peridotites of 07-sg-b and 07-ss-b, and (3) 3.6 % to 5.3 
% in the fine-grained mylonitic peridotites of 06-ss-1, 06-ss-2 and 06-ss-3 (Table 9).  These 
maximum values will only be sampled by P waves propagating in different azimuths in a plane 
that contains both the lineation and the normal to the foliation, i.e. propagating horizontally in 
lithospheric mantle with a wrench-like fabric.  Furthermore, it is noteworthy that the fine-grained 
porphyroclastic and fine-grained mylonitic peridotites have been outcropped in subordinate 
amount on Jeju Island and, as it was discussed previously, the coarse-grained protogranular-
porphyroclastic peridotites represent the average composition of the lithospheric mantle.  Delay 
times of 1.05 s and 1.15 s were revealed for shear-wave splitting at Jeju Island during an 
earthquake in July, 2007 by Kang & Shin (in press).  These delay times, under ideal conditions 
discussed previously, will correspond to 120-140 km depth that is basically dominated by the 
physical properties of the coarse-grained peridotites.  Therefore, we suggest that the anisotropy 
of studied xenoliths may contribute to the seismic anisotropy measured on the surface, 
nevertheless seismic anisotropy in the region is suggested to result from the contribution of deep 
lithospheric mantle and asthenosphere, as well.  Interestingly, fine-grained mylonitic series 
produce lower, whereas fine-grained porphyroclastic peridotites produce higher s-wave 
anisotropies, implying thicker or thinner anisotropic layer needed to generate observed ~1.1 s 
delay time, respectively (Table 9).  The bulk seismic anisotropy of the lithospheric mantle is, 
therefore, significantly depends on the amount of fine-grained peridotites, i.e. the localization and 
the extent of shear zones represented by the fine-grained porphyroclastic and fine-grained 





Chapter 5 – A comparison of the sub-continental lithospheric mantle of 
the CPR and Jeju Island 
 
The geodynamic evolution of the two studied area is different, a sound comparison of the sub-
continental lithospheric mantle, represented by the peridotite xenoliths presented here, became 
available in terms of their textural and metasomatic variation.   
 
5.1 Differences and similarities in physico-chemical properties  
 
Both the peridotite series of the central CPR and Jeju Island derive from the shallow lithospheric 
mantle and composed of mainly spinel lherzolites with a subordinate amount of harzburgites 
(Fig. 4a, 30a).  However, from the alkali basaltic xenolith-bearing localities of the CPR, especially 
the BBHVF several amphibole bearing peridotites have been found (e.g. Embey-Isztin, 1976).  
Detailed studies on two metasomatized, amphibole bearing spinel peridotites are also presented 
in the previous chapters of this thesis (Fig. 5c-d).  This indicates that the lithospheric mantle of 
the CPR, especially its central part is strongly metasomatized (e.g. Bali et al., 2002), probably due 
to a suspected subducted slab-related melt/fluid interaction with the mantle.  Petrographic 
evidences (orthopyroxene-rich peridotites by Hidas, 2006 and orthopyroxene-rich pyroxenites by 
Bali et al., 2008a), along with geochemical indications of metasomatizing fluids/melts derived 
from a subducted slab have been already reported from the BBHVF (e.g. Bali et al., 2007, 2008a, 
2008b).  Conversely, peridotite series from Jeju Island published previously (e.g. Choi, 2000, Choi 
et al., 2002) or studied here have shown no evidence for the presence of hydrous metasomatic 
mineral phases in the upper mantle.  Clinopyroxene rich wehrlites, websterites, clinopyroxenites, 
pyroxene megacrysts and other cumulate xenoliths of Jeju Island (Choi, 1998) indicate melt 
accumulation close to the crust-mantle boundary as pyroxenites are interpreted as mantle 
cumulates or crystal segregates formed by flow crystallization from basaltic or basanitic magmas 
at 1.5-2.5 GPa in the peridotite wall rock (Wilshire & Shervais, 1975, Frey, 1980, Irving, 1980, 
Obata et al., 1980).  Therefore, the lithospheric mantle of Jeju Island is a relatively dry 
environment and, despite its back-arc position close to a subduction zone, it is less 
metasomatized than that of the CPR.  Nevertheless, regarding the texture type a continuous 
transition exists in the Jeju peridotite series from the highly coarse-grained protogranular to the 
fine-grained mylonitic fabric and, especially the fine-grained porphyroclastic and fine-grained 
mylonitic peridotites show clear evidences for metasomatism having spoon-shaped REE 
distribution.  Spoon-shaped REE pattern and the lack of modal metasomatism in Jeju Island are 
suggested to be the result of cryptic metasomatism by low-amounts of Si-undersaturated melt, 
which are not related to any known subducted slab.  Important observation is the correlation of 
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Figure 41  Calculated seismic anisotropy of the seven peridotites selected for EBSD study from Jeju Island. 
Figure shown on previous page.  Calculated compressional velocity (Vp [km/s]) distribution, shear-wave anisotropy 
(AVs [%]) and the vibration directions of the fast split shear waves for the peridotites based on measured fabrics of 
constituent mineral phases, using the software package of Mainprice (2005c, 2005b), indicating the maximum (filled 
square) and minimum (open circle) values and directions.  Minimum contours are shown as dashed lines.  Note that 
according to the abundance of these peridotites on surface, the coarse-grained protogranular-porphyroclastic 
xenoliths (in the green shaded area) might represent the general seismic properties of the upper mantle beneath the 
island.  Nevertheless, fine grained porphyroclastic and mylonitic peridotites have severe effect on seismic properties 




Figure 42  Measured seismic anisotropy of the Korean Peninsula (Kang & Shin, in press). 
Map of the Korean Peninsula showing the SkS-wave splitting results along with lineament structures (thin lines).  
The solid and open bars indicate the fast polarization direction ( ) showing well- and poorly-constrained 
measurements, respectively.  Circles are scaled to denote the delay time ( ).  The white arrow represents the direction 
of absolute plate motion.  Thick dashed lines depict the major tectonic boundaries of the Korean Peninsula.  Figure 




cryptic metasomatism with the grain size reduction in the Jeju peridotites (Fig. 40), which 
indicates that percolating metasomatic agents are mainly confined to the narrow shear zones in 
the lithospheric mantle.  The shear zone in the studied peridotite series is represented by the fine-
grained porphyroclastic and fine-grained mylonitic xenoliths (Fig. 30b), which have strongly 
similar major element composition to the coarse-grained peridotites (Fig. 34, 39, Appendix 6), 
however possess finer grain-size (Fig. 32) and weaker fabric (Table 9) as the result of EBSD has 
shown.  In contrast, cryptic metasomatism observed in the central CPR shows an opposite 
correlation with fabric strength.  Deformed peridotites, having equigranular or porphyroclastic 
textures, usually show depleted major element composition and enriched trace element character 
(Fig. 12, Downes et al., 1992).  Explanation for this obvious contradiction is not yet solved and 
studied in details but the most probable answer is that the deformed peridotites derive from the 
shallow lithospheric mantle, strongly affected by partial melting, as well as melt percolation, and 
percolation of metasomatic agents is strongly influenced by the deformed fabric.  Besides, the 
development of the complex fabric in the shallow lithosphere cannot be attributed to any known 
olivine slip system.  However, similar patterns are reproduced in experimental rock deformation 
and numerical modeling in axial shortening or classical transpression stress fields (Tommasi et al., 
1999), that are believed to be typical forces acting on the lithosphere in collision or collision-and-
escape type geodynamic environments, respectively.  It should be noted that similar tabular 
equigranular peridotites have already been shown in the previous chapters of this thesis (Fig. 4b, 
5a, 8).  Conversely, the coarse-grained protogranular peridotites in the central CPR have more 
fertile major and trace element composition and simpler olivine orientation distribution patterns 
(Falus, 2004).  This might be the result of their deeper origin, which is also supported by the 
higher equilibrium temperatures.  Based on these observations, Falus (2004) suggested two 
horizontally emplaced layers beneath the central BBHVF, of which the shallower could have 
been transported by the ALCAPA microplate during the evolution of the Pannonian Basin.  
Nevertheless, spoon-shaped REE distribution in the central CPR, similarly to the Jeju Island, has 
been already described and usually explained by carbonatitic metasomatism (Dobosi, 2003) or by 
the infiltration of Mg-Si-rich boninitic melts if orthopyroxene enrichment was also found (Bali et 
al., 2007).  In the latter case the boninitic melts are suggested to have derived from a suspected 
subducted-slab.  However, these processes, as discussed previously, in many cases change the 
modal composition of the peridotites as well, which phenomena was not observed in case of Jeju 
Island.  Based on these observations, one can conclude that metasomatism and deformation are 
joint processes in the sub-continental lithospheric mantle, but beneath Jeju Island it occurs in 
localized shear zones (Fig. 40), whereas beneath the central CPR both modal and cryptic 
metasomatism is incorporated in the deformed shallow lithospheric mantle (Fig. 12-13) and it is 
more widespread than in Jeju Island. 
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Therefore, in the sense of textural evolution Jeju peridotites stand closer to the peridotites of the 
Transylvanian Basin (eastern CPR), because such continuous textural transition and mylonitic 
fabric, as it was shown previously, has not been revealed from the central CPR yet.  In a 
comprehensive study of a coarse-grained porphyroclastic to fine-grained mylonitic-ultramylonitic 
peridotite suite from Transylvania (eastern CPR) Falus et al. (2008) observed that higher the 
equilibrium temperature, stronger the J-index and coarser the grain size in the range of 860-1040 
°C.  Furthermore, a positive correlation between J-indices and grain size was also found in their 
peridotite series.  Falus et al. (2008) concluded that the increase of olivine CPO strength with 
increasing recrystallized grain size and decreasing recrystallized volume are the result of low 
temperature dynamic recrystallization and grain size reduction in the shallowest part of the 
lithospheric column leading to significant dispersion of the olivine CPO, probably enhanced in 
the ultramylonites by the activation of diffusion-controlled grain-boundary sliding.  Therefore, in 
the Transylvanian peridotites origin of mylonites and ultramylonites is suggested to be shallower 
than that of the coarse grained porphyroclastic ones (Falus et al., 2008).  However, the Jeju 
peridotites suggest that the fine-grained porphyroclastic and fine-grained mylonitic xenoliths are 
of slightly higher equilibrium temperature than the coarse-grained ones, but originate from 
approximately the same depth (Table 8).  Double-layering, as observed in the central CPR (Falus, 
2004), or continuous increasing of fabric strength with depth, similar to the xenolith suite from 
the Transylvanian Basin (eastern CPR) (Falus et al., 2008), in the Jeju peridotite series have not 
been recognized yet.  
Calculation of seismic anisotropy from the deformed peridotites of the BBHVF (Table 5) 
revealed that the observed ~1 s delay time beneath the central part of the CPR (Houseman et al., 
2008) between the fast and slow SkS waves may not be produced solely within the lithospheric 
mantle, since the peridotite xenoliths presented here are not representative but thought to be 
extreme examples from the shallowest layer of the sub-continental lithospheric mantle.  This is 
because the delay time would correspond to a ~55 km thick rock body with petrophysical 
properties similar to the studied peridotites, which was not in agreement with the supposed 
thickness of the mantle lithosphere beneath the BBHVF (~30-35 km).  Calculations of Falus et al. 
(2008) for the Transylvanian peridotites, which provide a more suitable basis for comparison 
between the lithospheric mantle of the CPR and that of Jeju Island revealed that, similarly to the 
fabric strength, seismic anisotropy also increases with depth.  Strike-parallel fast SkS polarization 
directions in the Carpathians may be explained by flow parallel to the trend of the Carpathian arc.  
This suggests decoupling between the lithospheric mantle and the crust, which has dominantly 
belt-normal flow directions.  The observed ~1 s delay time in the eastern Carpathians between 
the fast and slow SkS waves may be entirely produced within the lithospheric mantle if foliations 
are dominantly vertical or result from a combination of lithospheric and asthenospheric 
anisotropy if foliations are horizontal.  Similar conclusion can be drawn for the upper mantle 
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beneath Jeju Island, as the ~1.1 s delay time (Kang & Shin, in press) might correspond to 120-
140 km depth range composed of rocks physico-chemically similar to coarse-grained 
protogranular-porphyroclastic peridotites (Table 9).  It should be also noted that anisotropy 
directions observed by Kang & Shin (in press) indicate parallel directions to the Eurasia plate 
motion or, alternatively the eastward directed asthenospheric flow suggested by Flower et al. 
(1998, 2001).  All together these are clear indications for a physico-chemically and 
compositionally heterogeneous, but otherwise “typical” sub-continental lithospheric mantle 
beneath Jeju Island. 
 
5.2 Composition of fluid inclusions 
 
The presence of water [molecular water (H2O) and/or hydroxyl (OH-) regardless of the 
speciation and hydrogen (H+)] in the Earth’s deep lithosphere has been documented by 
numerous studies (Skogby, 2006, Walker et al., 2007), and it is therefore expected that fluid 
inclusions trapped at deep lithospheric conditions should contain H2O as well in addition to the 
more commonly reported CO2.  However, direct evidences for the presence of water in fluid 
inclusions from mantle peridotites are only rarely reported (Roedder, 1965, Trial et al., 1984).  
This contradiction might result from (1) the very high CO2/H2O ratio of mantle fluids (Frezzotti 
et al., 1992, Roedder, 1994, Frezzotti et al., 2002) combined with the low solubility of water in 
dense CO2 at room temperature, (2) the difference in wetting properties of the immiscible CO2-
rich and H2O-rich phases (Craw & Norris, 1993) preventing recognition of the H2O-rich phase 
that occurs as a thin film on the wall of inclusions at room temperature (Roedder, 1984, Bodnar 
et al., 1985) and (3) the small volume of the submicroscopic H2O-rich liquid film compared to the 
size of the excitation laser spot (Bodnar et al., 1985).  Any or all of these factors preclude the 
detection of small amounts of H2O by the analytical techniques (microthermometry and room-
temperature Raman spectroscopy) that are used routinely in fluid inclusion studies.  The 
composition and evolution of the fluid inclusions and coexisting silicate melt inclusions from the 
Carpathian-Pannonian Region (CPR) discussed here previously, as well as the results of Berkesi et 
al. (2007) and Berkesi et al. (submitted) on individual fluid inclusions from the central CPR 
strongly suggest that that fluid inclusions trapped at deep lithospheric mantle conditions contain 
small amounts of H2O (e.g. Fig. 18a).  Similar conclusions were drawn here from fluid inclusions 
of the Jeju peridotite series, as high-T Raman spectroscopy (according to the method of Berkesi 
et al., submitted) proved the presence of H2O (Fig. 38b).  This observations support the general 
conclusion of Berkesi et al. (submitted) that small amounts of H2O exist as a thin film on the 
walls of many high-density CO2-rich fluid inclusions, and its detection is prevented by the 
inadequacy of currently used analytical techniques.  Therefore, the presence of water in the fluid 
inclusions of Jeju Island and in those of the central CPR is not the special feature of the upper 
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mantle depending on the geodynamic setting, but rather reflects the general composition of any 
fluid inclusion from a sub-continental lithospheric environment.  However, according to the 
petrographic observations, the occurrence of fluid inclusions in the lithospheric mantle of Jeju 
Island is more widespread than in that of the central CPR, which also indicates the presence of 
significant amount of molecular water in the shallow upper mantle.  In contrast, H2S was 
detected only in fluid inclusions from the central Carpathian-Pannonian region in this study (Fig. 
18a) and previously by Berkesi (2007) and Berkesi et al. (2007).  The small amounts of of H2S in 
the lithospheric mantle might be related to the different geological setting and evolution of the 




(1) Based on petrography, deformed spinel lherzolites with flattened tabular equigranular texture 
and metasomatized amphibole-bearing spinel lherzolites with coexisting silicate melt and 
fluid inclusions were selected from the BBHVF, whereas three fabric types were 
distinguished in the Jeju peridotite series forming a continuous transition from the coarse 
grained-protogranular-porphyroclastic to the fine grained mylonitic textures.  Among these 
rock types, fine grained porphyroclastic and fine grained mylonitic peridotites have not been 
studied before from the Jeju Island.   
(2) The results of fabric analysis suggest that the deformed peridotites of the BBHVF have 
extremely strong fabric and olivines possess strong crystallographic preferred orientation 
with [100]- and [001]-axes homogeneously dispersed in the plane of foliation and [010] 
showing distinct maximum perpendicular to it.  Results of geochemical analyses suggest that 
these deformed peridotites have enriched trace element composition with spoon-shaped 
REE distribution.  This is a common behavior of equigranular textured peridotites from the 
BBHVF (Downes et al., 1992) and generally interpreted as a result of cryptic metasomatism 
of deformed peridotites. 
(3) According to the previous results of deformation analysis on peridotite xenoliths from the 
central CPR at least two layers can be assumed in the lithospheric mantle having strong 
deformation patterns and lower equilibrium temperatures at shallower levels and showing 
the activation of only one slip system with high equilibrium temperatures at the bottom 
(Falus, 2004).  The deformed peridotites studied here do not represent entirely, but might 
derive from the shallower level and most probably were deformed in a transpressional 
regime, as suggested based on experimentally deformed rocks.  Transpressional regime is 
suggested to be typical forces acting on the lithosphere in collision or collision-and-escape 
type geodynamic environments, which was most likely to dominate during the Neogene 
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formation of the Carpathian-Pannonian region, particularly beneath the central Pannonian 
Basin. 
(4) Based on the trace element and REE patterns of the silicate melt inclusions and their host 
minerals, as well as the high-temperature crystallization for the clinopyroxene rims, which 
enclose petrographically primary inclusions in the metasomatic peridotites of the BBHVF, a 
mantle-melt interaction can be assumed that occurred at elevated temperature resulted in 
partial melting of mantle clinopyroxene.  This melting was triggered by an evolved reagent 
melt with trace element content similar to that of the host alkaline basalts, but was richer in 
SiO2.    
(5) Such a melt was likely formed by the interaction of an alkaline mafic melt rising from the 
asthenosphere with a portion previously metasomatized by probably a slab-derived melt.  In 
the lithospheric mantle after initial clinopyroxene dissolution, the reacting melt likely became 
clinopyroxene-saturated.  Due to cooling, crystallization of the clinopyroxene rims, 
entrapping drops of melt as silicate melt inclusions, took place.  Simultaneously, the 
microfractures in orthopyroxenes and rarely spinels were filled with the evolved melt, which 
provided the glassy material (over)saturated in volatiles for the enclosed silicate melt 
inclusions during fracture healing.   
(6) Coexisting silicate melt and fluid inclusions in the metasomatized peridotites of the BBHVF 
suggest that both petrographically primary and secondary inclusions were entrapped from an 
immiscible silicate melt and volatile phase at mantle conditions.  The silicate melt inclusions 
show evolved major element composition with an overall enriched trace element pattern and 
significant (4-5 wt%) volatile (CO2+H2O) content.  In contrast, the fluid inclusions are C-O-
H-S dominated and most probably contain small amounts of silicate components.  They 
possess trace element distribution similar to the silicate melt inclusions, which indicate that a 
small amount of dissolved silicate melt has a more pronounced effect on the trace element 
composition of CO2-dominated fluid inclusions than the presence of H2O.  This might be an 
important conclusion for studies dealing with deep-seated fluid inclusions, especially if they 
were formed by immiscibility. 
(7) Petrography and major element composition of the peridotite series of Jeju Island show that, 
apart from the obvious different fabric and grain size distribution; there is no significant 
difference between the peridotite xenoliths, which derived from the shallow sub-continental 
lithospheric mantle. 
(8) Conversely, the trace element and REE composition of clinopyroxenes in the Jeju peridotite 
series indicate that three different chemical groups exist, which form continuous transition 
from the depleted LaN/LuN of 0.02 to the spoon-shaped enriched character with LaN/LuN of 
6.37.   
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(9) Fabric analysis of the studied peridotites from Jeju Island shed light on the activation of the 
high temperature (010)[100] slip system, which is responsible for the deformation of the 
olivines, regardless of texture type.  However, in the fine-grained porphyroclastic and fine 
grained mylonitic peridotites an additional deformation, probably at lower temperature and 
in a shear-dominated regime significantly weakened the originally strong fabric.  This 
supports the idea that the Jeju peridotites represent a continuous series and suggests that 
finer the grain size, weaker the fabric.   
(10) Comparing the results of trace element and fabric analysis a strong relationship is revealed 
between deformation and cryptic metasomatism as the fine grained porphyroclastic and fine 
grained mylonitic peridotites in every case show enriched trace element character, whereas 
the coarse grained protogranular-porphyroclastic peridotites are usually depleted.  It is not 
clear whether the shear zones, represented by the fine grained peridotites, encouraged 
preferential melt infiltration or whether the shear zone is the result of deformation, 
lubricated by metasomatic agents.  Similar conclusion was drawn by Downes (1990), who 
found relationship between geochemical enrichment and deformation in many mantle 
peridotites worldwide.   
(11) The composition and evolution of the fluid inclusions in the Jeju peridotite series and in 
those of the CPR strongly suggest that fluid inclusions trapped at deep lithospheric mantle 
conditions contain small, thus significant amounts of H2O.  These observations support our 
assumption that small amounts of H2O exist as a thin film on the walls of many high-density 
CO2-rich fluid inclusions, and its detection is prevented by the inadequacy of currently used 
analytical techniques.  Therefore, the presence of water in deep-seated fluid inclusions is not 
the special feature of the upper mantle, but rather reflects the general composition of any 








Deformed spinel peridotites with flattened tabular equigranular texture and metasomatic 
amphibole-bearing spinel peridotites with coexisting silicate melt and fluid inclusions were 
selected from the BBHVF, whereas three fabric types were distinguished in the Jeju peridotite 
series forming a continuous transition from the coarse-grained protogranular-porphyroclastic to 
the fine-grained mylonitic textures.   
The results of fabric analysis suggest that the deformed peridotites of the BBHVF have extremely 
strong fabric and olivines possess strong CPO.  Results of geochemical analyses suggest that 
these deformed peridotites have spoon-shaped REE distribution.  The deformed peridotites 
from the BBHVF studied here might derive from the shallower level and most probably were 
deformed in a transpressional regime, which is typical force acting on the lithosphere in collision-
and-escape type geodynamic environments (likely to dominate during the Neogene formation of 
the central Carpathian-Pannonian region).   
Based on the trace element and REE patterns of the silicate melt inclusions and their host 
minerals, as well as the high-temperature crystallization for the clinopyroxene rims, which enclose 
petrographically primary inclusions in the metasomatized peridotites, a mantle-melt interaction 
can be assumed.  Coexisting silicate melt and fluid inclusions in the metasomatized peridotites of 
the BBHVF suggest that both petrographically primary and secondary inclusions were entrapped 
from an immiscible silicate melt and volatile phase at mantle conditions.  The silicate melt 
inclusions show evolved major element composition with an overall enriched trace element 
pattern and significant (4-5 wt%) volatile (CO2+H2O) content.  In contrast, the fluid inclusions 
are C-O-H-S dominated and most probably contain small amounts of silicate components.  They 
possess trace element distribution similar to the silicate melt inclusions, which indicate that a 
small amount of dissolved silicate melt has a more pronounced effect on the trace element 
composition of CO2-rich fluid inclusions than the presence of H2O.   
Petrography and major element composition of the peridotite series of Jeju Island show that, 
there is no significant difference between the peridotite xenoliths, which derived from the 
shallow sub-continental lithospheric mantle.  Fabric analysis of the studied peridotites shed light 
on the activation of the high temperature slip system, however, in the fine-grained peridotites an 
additional deformation, probably at lower temperature and in a shear-dominated regime 
significantly weakened the originally strong fabric.  Results of trace element analysis reveal that 
with decreasing grain size and weakening fabric the peridotites became more enriched in LREE, 
which indicate strong relationship between metasomatic agents and mantle shear zones.  
The composition and evolution of the fluid inclusions in the Jeju peridotite series and in those of 
the CPR strongly suggest that fluids trapped at deep levels of the sub-continental lithospheric 
mantle contain small, thus significant amounts of H2O.   
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Magyar nyelv  összefoglaló 
 
Deformált, lapított ekvigranuláris szövet , illetve metaszomatizált, amfibol-tartalmú, koegzisztens 
szilikátolvadék- és fluidum zárványokat tartalmazó spinell peridotit xenolitokat választottunk ki a 
Balaton-felvidékr l, a Jeju-szigetr l pedig egy durvaszemcsést l finomszemcsés milonitosig 
terjed  k zetsorozatot vizsgáltunk deformációs folyamatok, illetve a metaszomatózis nyomainak 
tanulmányozása érdekében.   
A Balaton-felvidéki deformált k zetek szöveti vizsgálata azt sugallja, hogy a sekély köpenyb l 
származó peridotitok szövete rendkívül er s, olivinjei pedig nagyon er sen orientáltak, ami 
feltehet en egy transzpressziós rezsimben végbement deformáció eredménye, a transzpresszió 
pedig a Kárpát-Pannon régió fejl déséhez köthet .  A klinopiroxének U-alakú RFF-lefutása arra 
utal, hogy a k zetek kriptikus metaszomatózison estek át.    
Az amfibol-tartalmú peridotitok szilikátolvadék zárványainak és az azokat csapdázó ásványok 
RFF tartalma, valamint a klinopiroxének szegélyének feltételezett nagy h mérsékleten történt 
kristályosodása (ami petrográfiailag els dleges zárványokat csapdázott) jelent s olvadék-falk zet 
reakcióra utal.  A koegzisztens szilikátolvadék és fluidum zárványok vizsgálatával elmondható, 
hogy azok egy köpeny körülmények között szételegyed , illógazdag (4-5 tömeg% CO2+H2O), 
fejlett f elem-összetételt mutató olvadékból csapdázódtak.  A fluidum zárványok nyomelem 
lefutása nagyon hasonló a szilikátolvadék zárványokéhoz, ami azt sugallja, hogy a szételegyedés 
során az illógazdag fázissal csapdázódó olvadéknak sokkal nagyobb hatása van a nyoemem 
összetételre, mint a fluidum zárványokban kimutatott H2O-nak.     
A Jeju-sziget alatti sekély köpenylitoszférából származó peridotit xenolitok f elem 
összetételükben kis változékonyságot mutatnak.  A szöveti vizsgálatok arra utalnak, hogy a 
peridotitok olivinjei nagy h mérsékleten deformálódtak, de kés bb, valószín leg kisebb 
h mérsékleten és nyírásos er térben újabb deformáción estek át, ami az addigi er s szövetet és 
orientáltságot gyengítette. A nyomelem vizsgálatok azt mutatják, hogy a szemcseméret 
csökkenésével és a szövet gyengülésével együtt a k zetek klinopiroxénjeinek n  a könny  RFF 
tartalma, ami arra utal, hogy a metaszomatózist kiváltó olvadékok áramlási útvonalát a nyírási 
zóna kedvez en befolyásolhatta (és vice versa).   
A Jeju-szigetr l, illetve a Balaton-felvidékr l származó peridotitok fluidum zárvány vizsgálata azt 
jelzi, hogy a szub-kontinentális litoszféra nagy mélységeiben csapdázódó fluidumokban a 
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Appendix 1 Major element chemical composition (wt%, with average and standard deviation) of rock forming 
minerals from peridotite xenoliths of the BBHVF. 
Szg-08Szg-07
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 41 9 0 11 56 4 0 16 56 7 0 04 52 9 0 26 53 8 0 39 0 06 0 02 43 7 0 10 42 0 0 41 56 3 0 30 55 2 0 34 56 4 0 34 52 7 0 46 51 1 1 11 49 0 2 036 0 08 0 01 43 3 0 55 42 7 1 59
Cpx (n=15) Cpx (n=18)
rim core core rim
Cpx (n=9) Spl (n=12) Amp (n=25) Amp (n=9)
rim1 rim2 core transition
Cpx (n=8)
rim
Ol (n=23) Opx (n=13) Opx (n=5) Opx (n=4)
core corecore rim core
Mineral Ol (n=6) Spl (n=2) Amp (n=3)core core
Opx (n=6) Opx (n=2) Cpx (n=9)
core
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
TiO2 na - 0.09 0.02 0.07 0.02 0.23 0.02 0.17 0.16 0.08 0.00 1.32 0.02 na - 0.13 0.01 0.29 0.06 0.15 0.03 0.51 0.07 1.10 0.36 1.96 0.652 0.20 0.05 3.01 0.50 4.25 1.70
Al2O3 na - 4.05 0.04 4.07 0.19 5.07 0.07 5.71 0.36 41.1 0.11 14.9 0.11 na - 4.36 0.21 5.61 0.21 4.24 0.37 6.43 0.33 7.65 0.65 7.57 2.085 52.9 0.73 14.8 0.43 14.9 0.72
Cr2O3 na - 0.52 0.03 0.41 0.01 0.92 0.04 0.87 0.14 27.0 0.24 1.61 0.05 na - 0.53 0.05 0.44 0.07 0.26 0.01 1.12 0.12 0.87 0.16 1.07 0.558 14.8 0.89 0.76 0.11 0.68 0.26
FeO † 9 30 0 10 5 95 0 10 5 94 0 21 2 77 0 10 3 03 0 08 13 0 0 11 3 92 0 06 9 53 0 28 5 83 0 19 6 31 0 08 6 23 0 08 2 74 0 17 3 34 0 24 3 06 0 27 12 2 0 28 4 40 0 13 4 54 0 34t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnO 0.10 0.04 0.13 0.04 0.13 0.01 0.09 0.02 0.10 0.03 0.09 0.02 0.03 0.02 0.14 0.04 0.13 0.03 0.15 0.02 0.14 0.02 0.08 0.02 0.09 0.03 0.07 0.028 0.07 0.03 0.06 0.02 0.06 0.03
NiO 0.40 0.05 na - na - na - na - na - na - 0.38 0.06 na - na - na - na - na - na - na - na - na -
MgO 49.4 0.16 33.1 0.06 33.2 0.33 16.2 0.10 15.9 0.22 18.3 0.03 17.3 0.04 49.2 0.48 32.7 0.16 32.1 0.32 32.7 0.18 15.6 0.12 15.2 0.32 15.1 1.164 20.3 0.33 17.0 0.33 16.5 1.11
C O 0 06 0 01 0 80 0 02 0 90 0 06 21 3 0 13 19 5 0 39 0 03 0 01 11 2 0 11 0 10 0 04 0 85 0 03 1 09 0 08 0 99 0 04 19 8 0 27 19 3 0 29 21 7 0 792 0 02 0 03 10 6 0 09 11 3 0 93a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Na2O na - 0.08 0.01 0.12 0.02 1.15 0.10 1.67 0.43 na - 3.15 0.02 na - 0.13 0.02 0.14 0.01 0.14 0.01 1.64 0.06 1.64 0.24 0.67 0.301 na - 3.01 0.05 2.78 0.26
K2O na - na - na - na - na - na - 1.18 0.02 na - na - na - na - na - na - na - na - 1.43 0.05 1.14 0.32
F na - na - na - na - na - na - 0.04 0.04 na - na - na - na - na - na - na - na - 0.09 0.03 0.22 0.06
Total 101.2 0.28 101.1 0.14 101.5 0.33 100.7 0.33 100.7 0.54 99.6 0.26 98.3 0.28 101.3 0.74 101.0 0.56 101.3 0.47 101.2 0.37 100.6 0.32 100.3 0.58 100.3 0.36 100.6 0.71 98.4 0.42 99.0 1.10
mg#‡ 0.90 0.91 0.91 0.91 0.90 0.89 0.90 0.91 0.90 0.91 0.91 0.89 0.89 0.87 0.87
cr#§ 0.31 0.16
H2O [ppm] nana na na na na nana na na na na na~200 350-500 ~200 350-500
Xenolith
Cpx (n=3) Ol (n=4)Spl (n=3)i l
Szba-1 Szgk-0301Szbd-15
Opx (n=1)Ol (n=2)Ol SplCpxOpx Spl (n=3)Cpx (n=4)Opx (n=5)
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 40.4 - 55.0 - 51.8 - 0.05 - 41.5 0.25 56.0 - 53.2 0.298 0.03 0.012 41.3 0.41 57.1 0.275 53.3 0.443 0.05 0.035
TiO nd nd 0 1 0 07 nd 0 05 0 18 0 021 0 09 0 017 0 01 0 02 nd 0 04 0 01 0 05 0 021
core core core core core corecore core corecore
   M nera core
  
core
   
2 - - . - . - - . - . . . . . . - . . . .
Al2O3 nd - 3.84 - 4.54 - 44.2 - 0.05 0.01 3.75 - 3.99 0.081 52.8 0.10 0.04 0.02 2.66 0.03 2.89 0.09 32.9 0.878
Cr2O3 nd - 0.64 - 1.05 - 22.6 - nd - 0.38 - 0.49 0.078 15.0 0.146 0.04 0.02 0.59 0.034 0.92 0.052 35 0.745
FeOt† 8.35 - 5.33 - 2.53 - 11.1 - 9.05 0.11 5.86 - 2.52 0.02 12.0 0.438 8.25 0.18 5.21 0.119 2.24 0.088 14 0.277
M O 0 14 0 12 0 12 0 12 0 17 0 01 0 14 0 09 0 026 0 13 0 012 0 12 0 02 0 13 0 018 0 1 0 013 0 15 0 021n . - . - . - . - . . . - . . . . . . . . . . . .
NiO 0.36 - nd - 0.09 - 0.32 - 0.37 0.01 nd - nd - 0.31 0.012 0.36 0.01 nd - nd - 0.2 0.043
MgO 50.1 - 33.6 - 17 - 19.3 - 50.0 0.45 33.4 - 16.8 0.159 19.8 0.172 50.5 0.37 34.3 0.108 17.5 0.139 17.1 0.121
CaO 0.08 - 0.92 - 20.8 - nd - 0.05 0.01 0.63 - 22.3 0.025 0.01 0.017 0.09 0.01 0.85 0.021 21.8 0.077 nd -
Na2O nd - 0.07 - 0.93 - nd - nd - nd - 0.43 0.076 nd - nd - 0.05 0.034 0.51 0.026 nd -
K2O nd - nd - nd - nd - nd - nd - nd - nd - nd - nd - nd - nd -
F na - na - na - na - na - na - na - na - na - na - na - na -
Total 99.4 - 99.5 - 99.0 - 97.8 - 101.2 0.1 100.2 - 100.0 0.4 100.2 0.2 100.7 0.2 100.9 0.3 99.3 0.6 99.5 0.24
mg#‡ 0.91 0.92 0.92 0.91 0.91 0.92 0.92 0.92 0.93
cr#§ 0.26 0.16 0.42
H2O [ppm] na na nanana na1 90 480 2-3 60 250






Total FeO given in Fe2+
         
n: number of analysis; na: not analyzed; nd: not detected
Sample
Rb 0.09 nd 0.01 0.09 0.06 0.04 0.25 0.44 0.64 0.02 0.06 0.13 0.45 20.0 7.06 7.06 0.06 0.02 0.07 0.10 0.36 0.04 0.18 0.05 0.12 0.09 6.94 3.04 4.14 7.29 2.95 3.31
Th 0.14 0.10 0.18 na 0.24 1.35 0.40 0.45 0.48 0.02 0.01 0.01 0.05 0.14 nd nd nd nd nd nd 0.10 0.23 0.73 0.55 nd nd 0.10 nd nd 0.08 nd nd
U 0.05 nd 0.05 na 0.07 0.49 0.08 0.13 0.12 0.01 nd 0.02 0.06 0.15 nd nd nd 0.01 nd nd 0.03 0.07 0.05 0.11 nd nd nd nd nd 0.02 nd nd
Ba 1.02 1.64 0.07 2.19 0.59 0.55 5.52 6.11 7.60 0.15 0.79 1.43 5.15 196.7 197.7 173.4 0.95 0.39 2.36 1.50 4.26 0.16 1.37 0.26 2.63 1.51 253.2 204.3 232.8 240.2 227.3 223.1
Nb 0.23 0.18 0.08 0.14 1.26 0.17 1.50 2.14 1.35 0.06 0.04 0.08 0.30 7.92 9.69 9.27 0.31 0.47 0.49 0.41 0.78 0.76 0.40 0.50 0.54 0.11 25.3 29.3 26.7 22.9 24.3 26.9
Ta nd nd 0.01 na 0.14 0.02 0.15 0.18 0.12 nd nd nd nd 0.26 nd nd na 0.05 nd nd 0.08 0.16 0.03 0.04 nd nd 1.24 na na 1.20 na na
La 2.10 1.78 1.88 2.07 2.44 4.42 17.03 14.58 8.39 0.01 0.02 0.04 0.25 2.33 3.77 3.04 1.19 1.01 2.09 1.56 3.33 6.59 5.64 4.97 1.61 0.12 6.17 9.93 9.18 6.93 8.63 8.18
Ce 5.46 4.65 4.80 5.36 5.71 7.81 45.1 32.1 17.0 0.05 0.05 0.12 0.47 9.86 11.2 7.94 3.78 3.02 6.16 4.48 10.2 20.1 12.2 10.2 5.13 0.18 21.7 18.8 17.3 21.8 18.3 17.1
Pb nd 0.26 0.19 na nd nd 0.17 nd nd nd nd nd nd nd nd nd nd nd nd nd 0.15 nd nd nd nd nd 0.57 nd nd 0.32 nd nd
Sr 62.4 56.3 62.1 54.7 79.1 71.8 288.8 287.5 147.3 0.34 0.30 0.77 2.51 167.9 171.0 148.0 64.8 85.0 78.5 69.4 93.4 135.5 72.9 97.1 72.3 1.72 504.8 452.2 476.9 489.5 500.4 461.9
Pr 0.73 0.68 0.82 na 0.78 0.85 5.77 3.52 1.79 0.01 0.01 0.01 0.03 1.26 nd nd nd 0.87 nd nd 1.54 3.10 1.88 1.29 nd 0.03 3.41 na na 3.49 na na
Nd 4.07 4.27 4.39 3.56 3.86 4.41 25.9 12.4 8.50 0.05 nd nd 0.16 7.03 6.30 6.19 3.99 4.94 5.36 4.77 8.00 14.8 7.88 5.71 4.25 nd 19.0 23.1 20.5 20.5 22.4 19.8
Hf 0.34 0.57 0.58 na 0.71 0.44 3.95 1.56 0.94 0.03 nd 0.03 nd 0.45 nd nd na 1.07 nd nd 1.02 2.05 0.74 0.96 nd nd 1.81 na na 1.87 na na
Zr 14.7 13.7 15.5 12.2 23.8 17.4 140.8 59.7 44.3 2.01 0.88 0.97 2.96 18.5 51.7 29.4 23.8 40.9 25.5 25.7 38.9 63.2 28.4 32.3 27.4 2.45 53.5 95.0 98.1 60.3 87.3 86.9
Sm 1.09 1.22 1.37 1.02 1.12 1.28 4.74 2.28 1.78 nd nd nd nd 1.85 2.03 1.74 1.53 1.59 1.80 1.50 2.22 4.01 3.05 1.59 1.47 nd 5.00 4.21 4.66 5.87 6.58 6.19
Eu 0.54 0.38 0.47 0.34 0.48 0.54 1.42 0.83 0.58 nd nd nd nd 0.72 0.69 0.72 0.65 0.66 0.76 0.74 0.81 1.36 1.39 0.60 0.72 nd 1.91 1.78 1.96 1.84 2.90 2.12
Gd 1.85 1.62 1.76 0.89 1.41 1.92 3.23 2.16 2.55 nd nd nd nd 2.42 2.20 2.02 1.94 2.01 2.07 2.03 2.62 4.03 4.65 2.27 1.87 0.15 4.76 5.24 5.12 5.57 7.55 5.86
Tb 0.28 0.17 0.30 na 0.30 0.35 0.67 0.41 0.24 0.01 nd nd nd 0.43 nd nd nd 0.47 na na 0.44 0.66 0.86 0.49 nd nd 0.78 na na 0.84 na na
Ti na na na 853.7 na na na na na na na na nd na 7091 6684 2329 na 2892 2295 na na na na 2593 na na 16160 17382 na 22114 20849
Dy nd nd 1.63 1.26 1.93 2.36 nd 2.61 nd nd nd nd nd 3.05 2.36 2.35 2.24 3.39 2.18 2.26 na na 5.82 3.79 2.13 na na 3.51 4.90 na 7.30 4.97
Ho 0.42 0.49 0.41 na 0.42 0.52 0.71 0.63 0.42 0.02 0.02 0.02 0.04 0.71 nd nd nd 0.74 nd nd 0.56 0.73 1.43 0.94 nd 0.04 0.75 nd nd 0.75 nd nd
Y 9.56 8.41 10.6 6.24 12.9 15.0 19.0 14.1 11.5 0.81 0.59 0.71 0.82 12.1 13.8 12.4 11.5 15.3 10.7 11.4 15.0 19.4 14.4 15.4 11.5 1.13 19.3 20.3 21.6 20.3 25.3 21.6
Er 0.73 0.73 1.22 0.76 1.20 1.08 1.69 1.81 0.83 0.16 0.07 0.05 nd 1.69 1.31 1.32 1.13 1.96 1.08 1.15 1.55 1.95 3.83 2.57 1.16 0.13 1.88 1.91 1.81 1.67 2.86 1.84
Tm nd nd 0.13 na 0.17 0.19 nd 0.23 nd nd nd nd nd 0.21 nd nd na 0.32 na na na na 0.55 0.38 na nd na na na na na na
Yb 0.97 0.97 1.19 0.75 1.13 1.19 1.55 1.86 1.15 0.20 0.12 0.15 0.26 1.57 1.18 1.24 1.02 2.12 0.86 1.01 1.32 1.63 3.58 2.49 1.10 0.31 1.43 0.84 0.93 1.46 1.44 1.71
Lu 0.14 0.11 0.15 na 0.15 0.18 0.24 0.27 0.12 0.04 0.03 0.03 nd 0.21 nd nd nd 0.29 nd nd 0.19 0.24 0.46 0.36 nd 0.06 0.23 na na 0.23 na na
Sc 60.1 58.6 66.7 na 58.1 57.5 58.0 57.8 62.7 18.0 16.2 16.3 15.8 44.4 na na na 57.3 nd nd 62.0 53.9 65.9 61.4 na 16.9 27.7 na na 27.8 na na
V 230.8 245.7 233.9 na na na 210.5 na 232.9 91.1 87.9 88.8 90.6 na na na na na na na 229.8 232.2 na na na 83.6 293.4 na na 298.8 na na
Cr 6005 6049 5558 na 6430 6526 5760 6316 5959 3167 3100 3068 3218 11765 na na na 6629 na na 7592 6198 6658 6225 na 3669 2533 na na 3910 na na
Co na na 26.3 na 24.9 23.7 na 27.9 na na na na na 42.7 na na na 24.6 na na na na 22.4 23.3 na na na na na na na na
Ni na na 168.6 na 146.2 139.6 na 153.5 na na na na na 354.8 na na na 421.0 na na na na 554.0 447.2 na na na na na na na na
Appendix 2 Minor and trace element compositions (in ppm) of clinopyroxenes, orthopyroxenes and amphiboles from the peridotite xenoliths of BBHVF.  Note that 
transition zone in Cpx of Szg-07 was not observed in major element composition.  
Amp: amphibole; Cpx: clinopyroxene; Opx: 
orthopyroxene; na: not analyzed; nd: not detected
Cpx core Cpx transition Cpx trans.
Opx 
core Amp coreOpx core Amp core
Szg-07 Szg-08
Amp rimPhase Cpx core Cpx rimOpx rimCpx rim
Sample
Rb na na na na na na na na na na na
Th 0.18 0.21 0.20 0.23 5.77 5.74 5.90 0.04 0.04 0.04 0.05
U nd 0.08 0.07 nd 1.47 1.42 1.37 0.01 nd 0.01 0.02
Ba na na na na na na na na na na na
Nb 0.57 0.60 0.56 0.60 0.09 0.09 0.08 0.28 0.25 0.28 0.24
Ta 0.06 nd 0.09 nd 0.01 0.02 0.01 0.03 0.03 0.04 0.03
La 1.20 1.25 1.32 1.37 16.8 16.9 16.9 1.11 0.99 0.97 0.95
Ce 2.33 2.54 2.40 2.78 19.6 19.1 19.3 2.63 2.52 2.23 2.35
Pb nd nd 0.17 0.11 1.95 1.87 1.90 nd nd 0.04 0.07
Sr 23.0 23.9 24.2 23.6 82.0 81.8 81.0 26.7 26.4 25.4 25.2
Pr na na na na na na na na na na na
Nd 0.93 1.14 1.01 1.23 6.49 6.82 6.38 1.44 1.24 1.30 1.32
Hf nd 0.16 nd nd 0.63 0.65 0.63 0.03 nd 0.04 0.08
Zr 2.66 2.32 2.63 2.87 21.4 21.6 21.6 2.38 2.71 2.92 3.09
Sm nd 0.53 0.48 0.28 1.43 1.34 1.58 0.23 0.28 0.30 0.32
Eu 0.10 0.15 0.11 0.14 0.46 0.50 0.49 0.09 0.09 0.09 0.10
Gd 0.54 0.56 0.51 0.39 1.65 1.38 1.50 0.21 0.40 0.23 0.27
Tb na na na na na na na na na na na
Ti na na na na na na na na na na na
Dy na na na na na na na na na na na
Ho na na na na na na na na na na na
Y 6.66 6.71 6.61 6.65 9.91 10.1 9.95 1.53 1.56 1.69 1.62
Er na na na na na na na na na na na
Tm na na na na na na na na na na na
Yb 1.14 1.10 1.08 1.15 1.10 1.21 1.07 0.22 0.29 0.22 0.25
Lu 0.16 0.13 0.17 0.21 0.15 0.15 0.14 0.04 0.05 0.04 0.04
Sc 55.2 58.2 52.8 51.1 53.2 53.5 53.5 54.3 56.3 56.3 55.4
V na na na na na na na na na na na
Cr 6122 6140 6213 7163 3257 3415 3367 6344 6366 6495 6015
Co na na na na na na na na na na na
Ni 397.1 400.5 416.7 407.6 364.2 363.8 367.7 435.0 424.9 430.1 407.4
Appendix 2 (continued)
Phase Cpx core Cpx core Cpx core
Szba-1 Szbd-15 Szgk-0301
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 53.6 1.66 53.4 1.20 52.7 1.51 56.5 1.13 54.4 2.13 55.8 0.67 54.7 1.06 55.1 2.76
TiO2 0.17 0.10 0.13 0.06 0.12 0.03 0.48 0.42 0.22 0.13 0.28 0.01 0.14 0.04 0.13 0.06
Al2O3 21.7 0.47 20.6 2.56 21.4 0.47 20.9 1.37 22.3 0.31 21.2 0.07 22.9 0.30 21.6 0.95
MgO 1.48 1.48 1.78 2.50 0.53 0.57 2.52 2.17 1.02 0.66 1.12 0.11 0.09 0.02 1.99 2.33
FeO 2.02 0.88 1.58 0.60 1.21 0.55 3.10 0.48 2.47 0.61 2.51 0.24 0.86 0.06 2.46 0.75
MnO 0.06 0.03 0.04 0.01 0.06 0.03 0.07 0.03 0.06 0.04 0.06 0.07 0.04 0.01 0.07 0.01
CaO 3.96 1.33 4.43 3.14 4.27 0.79 4.94 1.36 5.00 0.96 6.44 0.03 2.85 1.02 4.39 0.73
Na2O 5.46 1.10 4.37 0.74 4.03 0.82 3.23 0.15 4.76 0.87 4.50 0.83 4.55 2.82 4.62 1.48
K2O 3.98 1.44 5.47 1.59 5.12 1.52 2.51 0.58 2.39 0.14 2.61 0.09 5.05 1.06 2.99 0.91
F 0.03 0.02 0.02 0.03 0.04 0.06 0.14 0.08 0.03 0.06 0.10 0.04 0.09 0.04 na -
Cl 0.33 0.05 0.31 0.07 0.37 0.05 0.18 0.18 0.27 0.03 0.12 0.03 0.35 0.01 0.69 0.04
SO2 0.07 0.03 0.11 0.08 0.13 0.04 0.08 0.07 0.08 0.03 0.13 0.00 0.06 0.02 0.09 0.01
P2O5 2.43 0.70 2.09 0.77 2.88 0.57 1.12 0.96 2.55 0.40 1.54 0.09 2.15 0.49 2.37 0.30
SrO na - na - na - na - na - na - na - 0.18 0.01
BaO na - na - na - na - na - na - na - 0.24 0.07
Total 95.26 1.45 94.31 1.30 92.91 1.42 95.77 2.65 95.49 1.00 96.36 0.23 93.91 1.63 97.22 0.88
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 55.4 1.45 54.2 0.07 54.0 1.05 52.9 - 55.0 - 53.6 0.98 53.5 1.64 54.0 0.58 54.5 3.13
TiO2 0.73 0.22 0.64 0.07 0.86 0.06 1.01 - 0.57 - 0.54 0.19 0.81 0.16 0.81 0.21 0.67 0.30
Al2O3 22.0 0.20 22.0 1.21 20.4 0.85 21.5 - 23.1 - 21.5 0.42 21.6 0.66 21.3 0.02 20.6 1.65
MgO 0.82 0.08 2.52 1.33 2.91 2.31 0.99 - 0.68 - 2.05 0.69 0.74 0.81 0.91 0.02 1.96 1.97
FeO 2.14 0.09 2.60 0.45 2.97 0.49 2.81 - 1.85 - 2.36 0.28 2.19 0.78 1.97 0.14 2.47 0.91
MnO 0.05 0.05 0.05 0.04 0.09 0.00 na - 0.01 - 0.06 0.06 0.06 0.03 0.04 0.03 0.04 0.03
CaO 4.65 0.10 3.75 1.05 5.39 1.97 6.79 - 3.01 - 4.99 0.33 6.07 1.14 6.73 0.34 4.35 3.01
Na2O 5.48 0.24 6.09 0.63 5.14 0.83 4.81 - 3.79 - 5.52 0.43 4.74 1.42 5.11 0.49 6.93 1.57
K2O 2.90 0.05 3.71 0.85 2.58 1.01 2.93 - 3.39 - 4.01 0.51 3.03 0.53 2.76 0.26 3.38 1.23
F 0.04 0.06 0.10 0.06 0.03 0.02 0.03 - na - na - 0.02 0.02 0.01 0.02 0.04 0.05
Cl 0.08 0.01 0.08 0.02 0.08 0.03 0.11 - 0.22 - 0.09 0.03 0.10 0.02 0.10 0.01 0.08 0.01
SO2 0.10 0.05 0.08 0.06 0.09 0.10 0.20 - 0.17 - 0.14 0.04 0.19 0.05 0.11 0.06 0.18 0.02
P2O5 1.95 0.54 1.58 0.49 1.15 0.11 2.15 - 1.70 - 1.82 0.16 2.02 0.61 1.60 0.31 1.63 0.28
SrO na - na - na - na - 0.26 - na - na - na - na -
BaO na - na - na - na - 0.07 - na - na - na - na -
Total 96.43 0.74 97.37 0.65 95.62 1.08 96.29 - 93.82 - 96.70 1.28 95.07 1.59 95.45 0.19 96.87 4.49
Spl5 (n=4)
Szg-08
Opx1 (n=3) Opx2 (n=6) Opx3 (n=2)Cpx3 (n=2)
Cpx5 (n=2) Cpx6 (n=3) Opx8 (n=2) Opx9 (n=2)
Cpx11 (n=1)
Spl1 (n=2)
Cpx7 (n=4) Cpx8 (n=2) Cpx10 (n=1)
Amp: amphibole; Cpx: clinopyroxene; Opx: orthopyroxene; Spl: spinel
n: number of analysis; na: not analyzed
Appendix 3 Major element composition (wt%, with average and standard deviation) of residual glass of silicate melt inclusions in different host minerals from the metasomatized peridotite xenoliths of the 
BBHVF. Note that numbering is not in order, only selected representative host minerals are shown.
Szg-07
Cpx1 (n=6) Cpx3 (n=4) Cpx4 (n=4)
Xenolith
Cs 4.24 4.62 3.94 5.31 3.49 3.20 6.99 1.86 3.28 5.92 4.17 3.89 2.83 1.01 nd 3.89 nd nd nd nd 0.69 nd
Rb 220.6 151.8 206.9 206.6 179.6 105.0 272.1 97.5 168.8 178.4 196.8 163.0 118.5 82.6 nd 204.2 nd nd 83.9 90.0 65.8 nd
Th 51.7 78.1 48.9 50.0 46.9 54.1 65.8 23.1 44.1 41.1 54.6 46.4 33.7 11.8 9.98 29.1 8.30 9.21 9.83 11.6 9.76 nd
U 14.9 25.5 15.0 15.7 14.5 17.7 20.7 7.10 13.7 13.8 17.9 15.2 11.05 4.02 3.26 3.77 2.56 2.90 nd nd 3.65 nd
Ba 2274 2754 2617 2347 2130 1906 3090 1233 2001 1941 2205 1778 1293 937.6 na 1309 973.5 1164 1062 1166 887.8 434.0
Nb 115.9 204.7 130.1 90.1 118.4 142.0 118.7 61.3 111.2 106.4 98.1 72.5 52.7 76.6 98.8 98.8 77.5 94.9 88.5 96.5 77.8 45.0
Ta 7.02 8.34 6.68 4.96 6.31 5.81 6.54 3.15 5.93 5.43 5.60 4.10 2.98 4.00 4.71 3.81 3.14 3.98 4.34 4.75 3.45 nd
La 127.5 196.6 135.8 122.4 153.5 141.2 161.2 65.0 144.3 36.0 125.1 96.3 70.0 55.6 62.2 99.6 29.8 32.8 55.3 76.1 69.7 16.0
Ce 150.4 108.8 143.6 126.6 218.5 89.0 166.7 70.2 205.6 na 117.9 98.0 71.3 87.6 96.5 175.9 5.60 na 85.6 137.3 107.0 17.0
Pb 20.1 15.2 12.5 14.0 12.8 5.59 18.4 5.97 12.1 11.5 12.2 7.58 7.27 8.06 26.3 na na na na 7.23 7.57 nd
Sr 1295 1815 1489 1475 2017 1343 1942 734.1 1898 na 1342 1217 884.6 912.0 1164 na 667.3 781.7 1100 1348 990.9 456.0
Pr 14.4 na 9.14 7.89 20.7 8.07 10.4 4.73 19.5 5.26 7.46 6.03 4.39 8.55 9.25 22.5 na na 7.61 14.1 9.10 na
Nd 36.7 nd 25.4 20.9 72.0 42.3 27.5 14.3 67.9 21.9 17.1 16.1 11.7 34.0 32.7 86.5 na na 31.3 59.6 34.0 na
Hf nd nd 1.76 4.32 7.79 nd 5.67 1.13 7.35 8.58 5.25 4.35 3.18 4.64 4.73 5.28 na na 4.59 6.99 5.12 na
Zr 367.9 199.0 261.5 388.4 602.4 180.6 510.8 131.3 566.8 50.9 367.5 334.3 243.6 245.9 289.4 221.2 64.4 90.5 261.5 387.8 247.6 99.0
Sm nd nd nd 2.43 12.2 nd 3.19 1.27 11.5 10.2 3.86 2.74 2.01 6.75 4.92 15.7 nd nd 5.29 13.2 3.61 nd
Eu nd nd 0.84 0.83 3.48 nd 1.09 0.65 4.24 3.63 na 0.51 0.37 2.76 2.36 5.70 nd nd 1.51 3.88 1.65 nd
Gd nd nd nd 2.12 9.16 nd 2.79 1.04 6.82 9.63 na 1.29 0.60 5.89 5.20 14.3 nd nd 4.70 6.28 4.21 nd
Tb nd nd nd 0.28 1.45 nd 0.37 0.17 1.66 1.82 na 0.20 0.15 0.94 0.71 1.37 nd nd 0.90 1.87 0.56 nd
Ho nd nd nd 0.29 nd nd 0.50 0.21 1.48 1.94 nd nd 0.13 0.86 0.76 2.29 nd nd 0.79 1.34 nd nd
Y nd nd 7.14 8.34 39.3 18.0 10.7 8.91 37.4 10.5 9.84 8.47 5.65 22.3 19.4 53.3 nd nd 20.8 34.6 12.1 nd
Er nd nd nd 0.79 nd nd 0.59 nd nd nd na 1.01 0.95 na 2.26 4.08 nd nd 2.27 nd na na
Yb nd nd nd 0.87 nd nd 1.35 0.63 nd nd 1.21 1.16 0.91 2.05 1.93 4.76 nd nd 2.14 3.94 na na
Lu nd nd 0.15 0.12 nd nd 0.14 0.20 nd nd na 0.15 0.23 na 0.30 0.55 nd nd 0.33 nd na na
Sc na na na na 41.6 43.0 na 26.0 42.55 28.3 na 10.3 11.7 29.2 na na 99.9 122.7 31.6 na na 62.0
V na na 65.7 na na 98.9 na 153.4 63.5 239.0 na 18.1 37.7 109.4 92.1 65.7 132.3 61.80 na 118.8 107.2 52.0
Cr 1223 na 1020 na na na na 3390 na 3534 na na na 1250 na na 5274 7644 na na 1025 3779
Appendix 4 Minor and trace element composition (in ppm) of silicate melt inclusions in different host minerals from the metasomatized 
peridotite xenoliths of the BBHVF.
Cpx: clinopyroxene; Opx: orthopyroxene; SMI: silicate melt inclusion
na: not analyzed; nd: not detected
Szg-08
Phase SMI in Cpx SMI in Opx SMI in Cpx SMI in Opx
Szg-07
Xenolith
Rb 15.1 4.78 1.92 7.61 10.7 11.0 5.79 7.50 13.3 9.31 13.9 5.92 12.1 15.1 10.4
Th 1.10 2.67 0.89 2.41 4.98 3.19 2.65 2.42 2.36 1.63 1.08 1.37 0.57 4.76 8.84
U 0.80 0.52 0.26 0.67 1.83 0.99 1.36 0.88 1.02 0.54 0.50 0.26 0.71 0.64 0.99
Ba 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Nb 4.99 7.79 22.6 5.39 4.88 5.92 5.83 7.69 7.59 3.14 3.24 14.5 4.33 0.96 4.82
K 2113 2520 4755 1127 1825 1584 1708 1987 3102 4605 2123 6441 1798 2944 853.3
La nd nd nd nd 5.10 5.25 4.50 6.11 5.60 nd nd 1.38 3.24 9.44 7.02
Ce nd nd nd nd 5.01 6.39 7.00 7.65 7.09 nd nd 3.29 8.96 7.60 10.1
Pb 1.21 0.39 15.2 0.58 0.59 0.71 1.42 0.94 1.72 1.01 1.11 nd 3.44 nd 1.75
Sr nd nd nd nd 56.9 62.1 54.7 55.6 50.2 nd nd 61.5 79.3 47.2 66.1
Nd nd nd nd nd 4.55 0.86 1.30 1.37 1.77 nd nd 3.4 0.8 1.3 5.4
Na nd nd nd nd 2460 2681 2079 2695 3682 nd nd 2257 2190 nd 2107
Zr nd nd nd nd 14.6 18.0 20.8 28.4 29.4 nd nd 64.6 25.3 38.0 10.8
Hf nd nd nd nd 0.28 0.11 0.24 0.71 0.46 nd nd 1.0 0.4 3.5 1.2
FI in Opx
Appendix 5 Trace element composition of Cpx- and Opx-hosted fluid inclusions. Note that, in the lack of internal 
standard, quantification was achieved by inferring 100 ppm Ba.  Data are treated as element ratios only.
nd: not detected
Cpx: clinopyroxene; FI: fluid inclusion; Opx: orthopyroxene
Phase
Szg-08Szg-07
FI in Cpx FI in Opx FI in Cpx
Xenolith
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 40.4 0.10 54.8 0.13 51.5 0.45 0.02 0.00 40.4 0.05 54.5 0.17 51.3 0.10 0.00 0.01 40.2 0.11 54.3 0.34 51.1 0.17 0.02 0.00 40.0 0.25 54.4 0.45 50.8 0.18 0.03 0.01
TiO2 nd - 0.07 0.02 0.27 0.02 0.07 0.03 0.01 0.00 0.11 0.03 0.49 0.01 0.09 0.01 nd - 0.11 0.02 0.49 0.02 0.10 0.01 nd - 0.11 0.03 0.50 0.03 0.10 0.01
Al2O3 0.00 0.01 3.68 0.06 4.78 0.40 49.1 0.13 0.00 0.01 4.34 0.14 6.44 0.13 55.6 0.07 0.01 0.01 4.44 0.39 6.61 0.18 56.2 0.12 0.01 0.00 4.27 0.55 6.50 0.11 55.9 0.17
Cr2O3 nd - 0.49 0.04 1.07 0.16 17.37 0.24 0.01 0.02 0.39 0.04 0.85 0.03 10.7 0.08 0.01 0.01 0.37 0.06 0.82 0.04 9.79 0.12 0.01 0.01 0.37 0.08 0.84 0.02 9.74 0.06
FeOt† 10.4 0.07 6.61 0.01 2.53 0.06 12.5 0.08 10.6 0.09 6.78 0.11 2.72 0.10 11.6 0.08 10.7 0.07 6.77 0.09 2.81 0.05 11.7 0.15 10.6 0.11 6.78 0.07 2.90 0.03 11.8 0.01
MnO 0.13 0.02 0.14 0.04 0.09 0.02 0.16 0.02 0.16 0.04 0.14 0.03 0.11 0.02 0.13 0.01 0.16 0.02 0.15 0.02 0.09 0.01 0.10 0.02 0.15 0.04 0.16 0.01 0.07 0.04 0.11 0.03
NiO 0.41 0.03 0.10 0.00 0.04 0.01 0.31 0.02 0.38 0.02 0.09 0.02 0.05 0.02 0.40 0.02 0.37 0.03 0.08 0.02 0.04 0.03 0.39 0.02 0.42 0.02 0.09 0.01 0.01 0.01 0.37 0.04
MgO 48.5 0.13 32.8 0.05 15.5 0.30 19.0 0.08 49.1 0.11 32.9 0.05 14.8 0.06 20.5 0.06 49.2 0.06 32.9 0.25 14.9 0.14 20.8 0.12 48.9 0.33 33.1 0.37 14.8 0.09 21.0 0.08
CaO 0.05 0.01 0.54 0.02 22.0 0.15 nd - 0.04 0.01 0.53 0.09 20.7 0.20 nd - 0.06 0.01 0.61 0.10 20.4 0.12 nd - 0.07 0.00 0.60 0.05 20.8 0.23 nd -
Na2O nd - 0.07 0.00 1.07 0.06 nd - 0.00 0.01 0.07 0.01 1.70 0.05 nd - nd - 0.08 0.01 1.64 0.06 nd - 0.01 0.01 0.08 0.01 1.61 0.03 nd -
K2O 0.01 0.00 0.01 0.00 0.01 0.01 nd - 0.01 0.01 0.02 0.01 0.01 0.01 nd - 0.01 0.00 0.02 0.01 0.02 0.01 nd - 0.01 0.01 0.02 0.01 0.02 0.01 nd -
Total 99.8 0.05 99.3 0.20 98.8 0.24 98.5 0.20 100.8 0.24 99.9 0.08 99.1 0.14 98.9 0.03 100.6 0.09 99.8 0.37 98.9 0.12 99.0 0.35 100.2 0.67 100.0 0.17 98.8 0.19 99.1 0.21
mg#‡ 0.89 0.90 0.92 0.89 0.90 0.91 0.89 0.90 0.90 0.89 0.90 0.90
cr#§ 0.19 0.11 0.10 0.10
Xenolith
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 40.2 0.02 54.1 0.49 50.8 0.11 0.04 0.01 40.4 0.10 54.0 0.06 51.1 0.20 0.03 0.01 40.4 0.10 54.6 0.21 51.8 0.28 0.03 0.01
TiO2 0.00 0.01 0.13 0.02 0.50 0.02 0.10 0.01 0.01 0.01 0.12 0.04 0.50 0.02 0.11 0.01 0.01 0.01 0.08 0.03 0.18 0.06 0.12 0.05
Al2O3 0.01 0.01 4.61 0.50 6.56 0.30 57.1 0.23 0.01 0.00 4.86 0.13 6.37 0.26 55.7 0.17 nd 0.00 3.97 0.25 4.38 0.20 48.4 1.66
Cr2O3 0.02 0.01 0.33 0.05 0.78 0.03 8.60 0.02 0.02 0.02 0.43 0.02 0.78 0.01 9.86 0.14 0.01 0.01 0.46 0.06 0.76 0.06 16.9 1.51
FeOt† 10.8 0.10 6.88 0.15 2.87 0.12 11.5 0.11 10.5 0.10 6.76 0.05 2.97 0.09 11.6 0.14 10.2 0.21 6.77 0.10 3.21 0.12 14.3 1.47
MnO 0.14 0.03 0.16 0.02 0.09 0.03 0.13 0.00 0.14 0.01 0.15 0.04 0.08 0.05 0.15 0.02 0.14 0.04 0.15 0.05 0.10 0.03 0.16 0.03
NiO 0.40 0.04 0.09 0.03 0.05 0.01 0.44 0.00 0.41 0.03 0.09 0.00 0.05 0.02 0.40 0.04 0.40 0.03 0.11 0.02 0.05 0.02 0.33 0.05
MgO 48.7 0.14 32.5 0.26 14.7 0.08 21.1 0.04 48.9 0.06 32.7 0.12 15.0 0.09 20.8 0.05 49.1 0.31 32.8 0.12 16.1 0.12 19.0 0.83
CaO 0.08 0.01 0.69 0.05 20.8 0.22 nd 0.00 0.07 0.01 0.58 0.02 20.6 0.34 nd 0.00 0.08 0.02 0.70 0.03 21.4 0.14 nd 0.00
Na2O nd 0.00 0.07 0.01 1.61 0.11 nd 0.00 0.01 0.01 0.08 0.01 1.55 0.09 nd 0.00 nd - 0.05 0.01 0.93 0.04 nd 0.00
K2O 0.02 0.00 0.02 0.00 0.02 0.00 nd 0.00 0.02 0.01 0.02 0.00 0.01 0.01 nd 0.00 0.01 0.01 0.01 0.01 0.02 0.01 nd 0.00
Total 100.3 0.30 99.6 0.52 98.8 0.29 98.9 0.37 100.5 0.19 99.8 0.24 99.0 0.08 98.6 0.04 100.3 0.24 99.7 0.21 99.0 0.16 99.2 0.27
mg#‡ 0.89 0.89 0.90 0.89 0.90 0.90 0.90 0.90 0.90
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Appendix 6 Major element chemical composition (wt%, with average and standard deviation) of rock forming 
minerals from peridotite xenoliths of the Jeju Island. 
Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel




Total FeO given in Fe2+
mg#=Mg/(Mg+Fet)
cr#=Cr/(Cr+Al)
Opx (n=2) Cpx (n=4) Spl (n=3) Ol (n=3) Opx (n=3) Cpx (n=3) Spl (n=3)
03-gg-2
Ol (n=6) Opx (n=7) Cpx (n=8) Spl (n=5)
Mineral Spl (n=3) Spl (n=6)
Mineral core
gg-1-5
Ol (n=3) Opx (n=3) Cpx (n=3) Spl (n=3)
Spl (n=2)
gg-a
Ol (n=4) Opx (n=2) Cpx (n=3)
Xenolith
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 40.9 0.09 55.5 0.04 55.6 0.09 52.3 0.23 51.9 - 0.04 - 40.4 0.08 54.6 0.23 51.3 0.10 0.02 0.01 40.1 54.5 51.6 0.35
TiO2 nd - 0.10 0.02 0.10 0.01 0.43 0.02 0.43 - 0.08 - 0.01 0.01 0.11 0.02 0.50 0.02 0.12 0.01 0.01 0.12 0.27 0.05
Al2O3 0.01 0.00 4.47 0.07 4.31 0.09 5.82 0.19 5.93 - 54.8 - 0.01 0.00 4.40 0.04 6.22 0.12 54.2 0.10 0.01 4.98 6.13 54.2
Cr2O3 0.01 0.02 0.35 0.00 0.34 0.01 0.70 0.02 0.74 - 9.02 - 0.01 0.01 0.43 0.05 0.93 0.06 11.9 0.12 0.00 0.48 0.67 12.6
FeOt† 9.85 0.22 6.60 0.13 6.19 0.17 2.81 0.06 3.28 - 10.6 - 10.3 0.22 6.45 0.19 3.03 0.11 11.7 0.22 10.2 6.31 3.10 11.8
MnO 0.15 0.01 0.14 0.00 0.13 0.02 0.10 0.01 0.10 - 0.03 - 0.16 0.01 0.13 0.01 0.07 0.02 0.13 0.02 0.10 0.15 0.13 0.08
NiO 0.38 0.01 0.08 0.02 0.09 0.00 0.04 0.00 0.04 - 0.40 - 0.37 0.00 0.10 0.01 0.06 0.02 0.39 0.05 0.42 0.14 0.00 0.37
MgO 50.1 0.04 33.9 0.01 33.8 0.20 16.0 0.15 17.2 - 21.8 - 48.8 0.18 32.7 0.13 15.2 0.06 20.5 0.09 49.3 32.8 16.0 20.3
CaO 0.05 0.01 0.69 0.03 0.90 0.11 21.2 0.11 19.8 - nd - 0.06 0.01 0.65 0.05 20.2 0.04 nd - 0.06 0.74 20.5 nd -
Na2O nd - 0.07 0.01 0.09 0.04 1.14 0.06 1.02 - nd - 0.01 0.01 0.09 0.01 1.55 0.03 nd - nd - 0.14 1.39 nd -
K2O nd - nd - nd - 0.01 0.01 nd - nd - 0.01 0.00 0.01 0.01 0.02 0.00 nd - nd - 0.00 nd nd -
Total 101.4 0.34 101.9 0.29 101.6 0.16 100.5 0.19 100.5 96.8 - 100.2 0.04 99.7 0.18 99.1 0.26 98.9 0.27 100.2 100.4 99.7 99.8
mg#‡ 0.90 0.90 0.91 0.91 0.90 0.89 0.90 0.90 0.90 0.90 0.90
cr#§ 0.01 0.13 0.13
Xenolith
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 40.4 54.6 51.5 0.10 39.3 54.7 52.2 0.33 40.8 0.07 54.7 0.47 51.9 0.24 0.03 0.01 40.3 0.03 54.7 0.33 51.9 0.30 0.02 0.01
TiO2 0.02 0.03 0.20 0.05 nd - 0.09 0.19 0.10 0.00 0.01 0.01 0.02 0.08 0.07 0.02 0.01 nd - 0.09 0.02 0.27 0.10 0.05 0.02
Al2O3 nd - 4.31 5.52 54.2 0.02 3.48 4.43 50.3 0.01 0.01 4.20 0.36 5.27 0.18 51.0 0.47 0.00 0.01 3.95 0.33 4.87 0.16 50.8 0.54
Cr2O3 0.04 0.35 0.79 12.3 0.06 0.43 0.70 15.0 0.02 0.01 0.55 0.08 1.16 0.09 15.9 0.29 0.02 0.02 0.46 0.07 0.97 0.04 15.0 0.45
FeOt† 8.78 6.31 3.07 11.2 11.1 7.37 3.64 15.1 9.87 0.23 6.26 0.11 2.87 0.18 12.2 0.23 10.4 0.16 6.63 0.02 2.90 0.10 12.6 0.10
MnO 0.15 0.11 0.07 0.12 0.17 0.24 0.09 0.12 0.14 0.04 0.14 0.02 0.08 0.02 0.15 0.02 0.15 0.03 0.16 0.02 0.10 0.05 0.15 0.02
NiO 0.32 0.09 0.01 0.33 0.34 0.15 0.11 0.33 0.40 0.04 0.09 0.04 0.03 0.03 0.37 0.03 0.39 0.01 0.10 0.03 0.05 0.02 0.35 0.04
MgO 49.3 33.3 16.9 21.6 48.4 32.8 16.5 18.3 49.7 0.26 33.1 0.28 16.0 0.13 20.1 0.13 49.2 0.20 33.3 0.03 15.9 0.11 19.7 0.06
CaO 0.03 0.69 21.1 nd - 0.09 0.73 21.2 nd - 0.06 0.01 0.90 0.22 21.1 0.25 nd - 0.05 0.01 0.70 0.03 20.5 0.32 nd -
Na2O nd - 0.04 1.12 0.02 nd - 0.04 0.95 nd - nd - 0.07 0.02 1.10 0.01 nd - 0.01 0.00 0.09 0.01 1.40 0.01 nd -
K2O nd - 0.00 nd - nd - nd - nd - nd - nd - 0.02 0.00 0.02 0.01 0.02 0.01 nd - 0.01 0.01 0.01 0.01 0.02 0.02 nd -
Total 99.0 99.8 100.3 99.9 99.4 100.0 100.0 99.6 101.0 0.45 100.0 0.27 99.5 0.11 99.7 0.23 100.5 0.27 100.2 0.13 98.9 0.24 98.7 0.21
mg#‡ 0.91 0.90 0.91 0.89 0.89 0.89 0.90 0.90 0.91 0.89 0.90 0.91







Opx (n=2) Opx (n=2)
core core core core core
06-ss-2
Opx (n=10) Cpx (n=9)
core core core
07-ss-a
Ol (n=3) Opx (n=3) Cpx (n=3)
core core
07-ss-b
Ol (n=3) Opx (n=3) Cpx (n=3)
core
core core core core core
Spl (n=3)




Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel
n: number of analysis; na: not analyzed; nd: not detected







Ol (n=2) Opx (n=3)
core lam. in Opx core core
06-ss-1
Ol (n=9) Opx (n=14) Cpx (n=7) Spl (n=11)
0204-ss-3
Cpx (n=3) Cpx (n=1) Spl (n=1)Ol (n=3)
Opx (n=13) Cpx (n=9) Spl (n=17) Spl (n=3)
Cpx (n=4) Spl (n=3)
core
Xenolith
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 40.8 0.06 55.1 0.41 52.3 0.27 0.03 0.00 40.7 0.10 55.6 0.23 55.4 0.10 52.3 0.29 52.3 0.21 0.07 - 0.67 0.61
TiO2 0.00 0.01 0.08 0.01 0.24 0.03 0.11 0.01 0.01 0.01 0.11 0.03 0.10 0.00 0.43 0.08 0.41 0.02 0.11 - 0.11 0.02
Al2O3 0.01 0.01 3.82 0.41 5.24 0.29 45.7 0.24 0.02 0.00 4.06 0.52 4.29 0.05 5.95 0.34 5.58 0.20 53.74 - 51.3 0.46
Cr2O3 0.02 0.01 0.70 0.13 1.38 0.17 21.9 0.13 0.03 0.02 0.40 0.09 0.44 0.02 0.89 0.14 0.83 0.15 11.2 - 12.3 0.64
FeOt† 9.22 0.05 5.85 0.05 2.57 0.09 11.8 0.13 9.33 0.07 6.11 0.03 5.85 0.03 2.73 0.06 2.87 0.10 10.9 - 10.3 0.03
MnO 0.14 0.04 0.14 0.02 0.08 0.01 0.17 0.04 0.17 0.01 0.14 0.02 0.15 0.00 0.08 0.01 0.08 0.03 0.07 - 0.06 0.05
NiO 0.39 0.03 0.09 0.03 0.05 0.02 0.28 0.00 0.43 0.01 0.10 0.02 0.07 0.05 0.03 0.02 0.05 0.04 0.38 - 0.34 0.03
MgO 49.9 0.08 33.4 0.20 15.7 0.25 19.4 0.17 50.3 0.08 33.9 0.22 33.8 0.12 15.8 0.23 15.9 0.16 21.4 - 21.8 0.31
CaO 0.05 0.00 0.65 0.04 20.3 0.20 nd - 0.06 0.01 0.68 0.04 0.86 0.00 20.8 0.19 20.7 0.04 nd - 0.34 0.09
Na2O 0.00 0.01 0.09 0.01 1.56 0.10 nd - nd - 0.07 0.02 0.09 0.00 1.38 0.03 1.29 0.13 nd - 0.02 0.02
K2O 0.01 0.01 0.01 0.01 0.02 0.01 nd - nd - 0.00 0.01 nd - 0.01 0.01 0.01 0.01 nd - nd -
Total 100.5 0.13 100.0 0.11 99.4 0.18 99.4 0.28 101.1 0.27 101.1 0.36 101.0 0.17 100.4 0.15 100.0 0.11 97.8 97.3 0.60
mg#‡ 0.91 0.91 0.92 0.91 0.91 0.91 0.91 0.91
cr#§ 0.24 0.12 0.14
Xenolith
avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2 avg 2
SiO2 41.3 0.11 55.8 0.45 55.8 0.27 52.5 0.26 52.2 0.16 0.04 0.02 0.22 0.00 40.3 0.14 54.5 0.34 54.6 0.03 51.6 0.22 51.2 - 0.04 0.02 0.13 0.06
TiO2 nd - 0.13 0.02 0.13 0.02 0.47 0.02 0.56 0.01 0.13 0.02 0.13 0.02 0.01 0.01 0.12 0.02 0.10 0.02 0.46 0.02 0.54 - 0.11 0.02 0.11 0.03
Al2O3 0.01 0.01 4.35 0.60 4.10 0.03 6.33 0.25 6.68 0.11 55.4 0.51 54.5 0.03 0.02 0.01 4.60 0.45 4.71 0.06 6.19 0.25 6.74 - 56.8 0.56 55.9 0.49
Cr2O3 nd - 0.39 0.11 0.31 0.00 0.82 0.06 0.90 0.03 10.2 0.33 10.6 0.09 0.01 0.01 0.39 0.07 0.35 0.02 0.71 0.09 0.79 - 10.1 0.48 9.90 0.23
FeOt† 9.82 0.07 6.36 0.07 6.38 0.01 2.82 0.12 3.04 0.13 11.1 0.06 10.5 0.06 9.83 0.05 6.41 0.08 6.15 0.10 2.87 0.07 3.02 - 10.9 0.12 10.5 0.14
MnO 0.15 0.01 0.15 0.02 0.14 0.00 0.08 0.01 0.10 0.01 0.07 0.01 0.07 0.01 0.14 0.02 0.15 0.02 0.15 0.02 0.09 0.02 0.11 - 0.06 0.02 0.03 0.02
NiO 0.39 0.01 0.10 0.03 0.12 0.01 0.05 0.02 0.06 0.04 0.40 0.04 0.37 0.03 0.39 0.00 0.09 0.03 0.08 0.03 0.05 0.01 0.07 - 0.41 0.01 0.37 0.04
MgO 50.4 0.09 33.9 0.26 34.2 0.01 15.9 0.24 15.8 0.05 21.6 0.27 21.9 0.01 49.1 0.20 32.9 0.22 32.9 0.05 15.6 0.15 15.4 - 20.7 0.19 21.0 0.10
CaO 0.06 0.00 0.71 0.03 0.71 0.01 20.8 0.08 20.7 0.11 nd - nd - 0.07 0.01 0.73 0.02 0.92 0.07 21.0 0.12 20.7 - nd - 0.29 0.07
Na2O nd - 0.08 0.01 0.08 0.01 1.36 0.07 1.40 0.02 nd - nd - nd - 0.08 0.02 0.07 0.01 1.31 0.05 1.38 - nd - nd -
K2O nd - 0.01 0.00 nd - nd - nd - nd - nd - nd - 0.01 0.01 nd - 0.01 0.01 nd - 0.01 0.01 nd -
Total 102.1 0.04 102.0 0.24 102.0 0.24 101.2 0.27 101.4 0.25 98.9 0.23 98.4 0.16 99.8 0.37 100.0 0.34 100.0 0.14 99.9 0.29 100.0 - 99.2 0.21 98.2 0.16
mg#‡ 0.90 0.90 0.91 0.91 0.90 0.90 0.90 0.91 0.91 0.90





Mineral lam. in Opx core lam. in Cpxcore lam. in Cpx core core lam. in Cpx core
Spl (n=4)
lam. in Cpxcore
core core lam. in Cpx core lam. in Opx
ss-17
Ol (n=4)
core lam. in Cpx core
Cpx (n=3) Spl (n=3) Spl (n=2)
ss-18
Spl (n=5)
lam. in Opx corecore core core core
Appendix 6 (continued)
Cpx: clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel
n: number of analysis; na: not analyzed; nd: not detected




Ol (n=3) Opx (n=4) Cpx (n=3) Spl (n=3)
Cpx (n=4)Opx (n=7) Opx (n=2)
Cpx (n=2) Spl (n=1) Spl (n=3)
Ol (n=4) Opx (n=6) Opx (n=3) Cpx (n=8) Cpx (n=1)
ss-16
Ol (n=3) Opx (n=5) Opx (n=2) Cpx (n=5)
Sample
Rb nd nd nd nd nd nd 0.36 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Th 0.57 1.21 1.59 6.73 6.57 0.23 0.17 0.19 0.38 0.37 0.36 nd nd nd nd nd nd 0.03 0.01 nd nd nd nd nd nd nd nd nd nd
U 0.18 0.37 0.43 1.31 1.16 0.08 0.06 0.08 0.12 0.13 0.11 nd nd nd nd nd 0.00 0.01 nd nd nd nd nd nd nd nd nd nd nd
Ba 0.02 0.03 0.04 0.13 0.16 nd 2.21 2.35 0.08 nd 0.04 nd nd nd nd 0.01 0.01 0.01 nd 0.02 0.02 0.01 0.02 0.20 0.01 nd 0.01 nd nd
Nb 0.34 0.28 0.31 0.19 0.19 0.47 0.52 0.51 0.77 0.64 0.72 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Ta 0.01 0.01 0.01 nd 0.03 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 0.01 0.01 nd 0.01 nd nd
La 1.39 2.19 3.14 14.3 14.8 0.22 0.39 0.33 0.40 0.45 0.37 0.05 0.05 0.05 0.07 0.06 0.06 0.06 0.06 0.05 0.04 0.03 0.03 0.05 0.05 0.04 0.05 0.05 0.04
Ce 2.08 3.43 4.52 19.7 21.0 0.63 0.91 0.88 0.82 0.83 0.76 0.82 0.79 0.79 0.79 0.73 0.79 0.72 0.72 0.76 0.68 0.72 0.72 0.72 0.74 0.75 0.75 0.69 0.70
Pb 0.20 0.26 0.41 1.32 1.22 0.15 0.13 0.15 0.13 0.16 0.16 0.04 0.05 0.14 0.05 0.06 0.05 0.05 0.05 0.06 0.06 0.04 0.06 0.08 0.07 0.03 0.05 nd nd
Sr 35.0 41.3 47.2 69.6 71.1 15.6 16.7 21.3 20.1 21.3 20.3 16.1 15.5 16.0 16.5 16.1 16.1 14.4 14.8 14.9 13.4 13.4 13.7 14.3 14.6 14.6 14.4 14.3 14.1
Pr 0.21 0.30 0.38 1.42 1.70 0.30 0.31 0.30 0.31 0.27 0.27 0.28 0.26 0.25 0.27 0.27 0.28 0.26 0.28 0.29 0.26 0.26 0.26 0.26 0.26 0.28 0.26 0.26 0.27
Nd 1.35 1.44 1.71 4.17 4.61 2.43 2.34 2.61 2.27 2.71 2.59 2.36 1.99 2.38 2.57 2.29 2.37 2.44 2.33 2.42 2.32 2.21 2.27 2.34 2.49 2.37 2.22 2.03 2.22
Hf 0.22 0.25 0.23 0.27 0.16 0.81 0.85 0.94 0.74 0.76 0.84 0.54 0.48 0.59 0.71 0.78 0.77 0.54 0.59 0.61 0.64 0.62 0.70 0.70 0.64 0.59 0.58 0.58 0.60
Zr 5.33 5.65 6.27 12.5 17.5 15.6 15.7 15.5 13.6 14.0 13.4 11.6 10.3 12.1 15.2 15.5 15.0 11.7 12.3 11.7 11.2 10.7 11.7 12.9 11.4 11.0 10.9 13.4 14.4
Sm 0.68 0.68 0.59 0.84 0.81 1.12 1.15 1.12 1.51 1.31 1.46 1.33 1.17 1.20 1.52 1.29 1.34 1.21 1.24 1.22 1.32 1.23 1.34 1.36 1.31 1.29 1.20 1.22 1.22
Eu 0.30 0.28 0.30 0.35 0.32 0.50 0.56 0.51 0.61 0.63 0.59 0.56 0.54 0.55 0.63 0.60 0.58 0.57 0.59 0.58 0.56 0.59 0.56 0.59 0.58 0.54 0.57 0.57 0.54
Gd 1.15 1.06 1.12 1.46 1.32 2.18 2.31 2.08 2.54 2.47 2.18 1.88 1.83 1.99 2.50 2.27 2.55 1.94 1.98 2.07 2.21 2.10 2.12 2.47 2.20 1.91 2.00 2.26 2.46
Tb 0.22 0.20 0.22 0.22 0.21 0.43 0.42 0.39 0.45 0.41 0.36 0.41 0.35 0.39 0.48 0.47 0.49 0.40 0.40 0.42 0.40 0.40 0.40 0.45 0.38 0.39 0.38 0.41 0.45
Ti 1363 1382 1501 1403 1144 3072 3054 3029 2780 2824 2758 2602 2460 2652 2984 3096 2940 2658 2777 2655 2910 2733 2941 2822 2732 2662 2625 2599 2837
Dy 1.61 1.59 1.58 1.80 1.97 3.06 3.42 3.06 3.20 3.01 3.22 2.76 2.43 2.91 3.58 3.37 3.41 2.67 3.04 2.97 2.76 2.80 2.87 3.34 2.84 2.73 2.68 3.06 3.29
Ho 0.37 0.34 0.33 0.42 0.32 0.78 0.72 0.76 0.70 0.66 0.67 0.57 0.52 0.58 0.75 0.73 0.77 0.57 0.62 0.64 0.63 0.62 0.63 0.72 0.63 0.59 0.57 0.65 0.71
Y 9.55 8.9 9.23 10.0 9.61 18.3 18.0 17.7 17.6 17.5 17.2 15.4 13.9 15.5 19.1 18.5 18.6 15.1 16.3 15.9 15.6 15.7 16.1 18.9 15.5 15.2 15.2 17.2 18.6
Er 1.14 1.13 1.14 1.18 1.30 2.15 2.24 2.14 1.95 2.09 1.90 1.92 1.62 1.88 2.33 2.22 2.28 1.82 1.91 1.92 1.84 1.87 1.93 2.24 1.91 1.97 1.75 1.84 2.14
Tm 0.15 0.16 0.17 0.20 0.15 0.27 0.31 0.29 0.28 0.26 0.27 0.24 0.22 0.25 0.33 0.32 0.31 0.24 0.26 0.27 0.25 0.27 0.27 0.33 0.24 0.25 0.24 0.26 0.26
Yb 1.03 1.04 1.08 1.32 1.04 2.14 1.93 1.89 1.88 2.05 2.02 1.65 1.60 1.73 2.24 2.07 2.09 1.67 1.76 1.89 1.84 1.82 1.87 2.08 1.79 1.74 1.73 1.83 1.95
Lu 0.17 0.14 0.17 0.14 0.21 0.33 0.27 0.27 0.28 0.31 0.26 0.21 0.20 0.23 0.32 0.30 0.31 0.23 0.28 0.25 0.26 0.26 0.26 0.31 0.24 0.24 0.27 0.29 0.29
Sc 78.3 78.3 84.5 91.7 92.2 96.8 98.1 96.4 80.9 85.4 83.6 73.7 72.3 74.7 85.6 92.1 87.8 79.0 80.4 74.5 80.5 75.2 82.7 92.8 80.0 73.4 71.7 86.4 83.1
V 257.6 258.1 263.9 257.1 244.2 275.8 281.6 276.9 263.7 269.7 269.7 266.9 276.2 266.3 267.2 276.3 268.4 268.1 268.0 258.2 275.2 268.4 273.0 268.3 273.7 269.3 267.4 261.1 258.5
Cr 7452 6872 7112 5997 5012 5000 4823 4761 5348 5177 5193 5207 5383 5202 4922 4683 4854 5045 5112 5348 4745 5000 4761 4399 4889 5153 5327 4507 4934












Appendix 7 Minor and trace element compositions (in ppm) of clinopyroxenes from the peridotite series of Jeju Island.
Sample 07-sg-b 06-ss-3
Rb nd nd nd nd nd nd nd 0.83 nd 2.58 nd nd nd 0.11 nd nd nd 0.10 nd na na na na na nd nd nd nd nd nd 0.25 nd 0.14 0.10
Th 0.02 0.03 0.01 nd nd nd 1.61 0.06 nd 0.05 1.07 1.01 1.13 0.10 0.16 0.10 0.01 0.01 0.01 1.08 1.03 1.04 1.06 1.04 0.56 0.54 0.59 0.30 0.32 0.31 1.16 1.99 1.37 2.38
U 0.01 0.01 0.01 nd nd nd 0.22 0.02 nd 0.03 0.25 0.20 0.24 0.04 0.06 0.04 0.01 0.01 0.03 0.24 0.22 0.23 0.21 0.15 0.13 0.13 0.12 0.09 0.08 0.08 0.17 0.30 0.24 0.44
Ba 0.03 0.02 0.03 0.09 0.01 0.01 0.07 9.16 0.10 5.42 0.04 0.02 0.02 0.43 0.24 0.59 0.02 0.08 0.04 0.04 0.07 0.04 0.02 0.04 0.09 0.07 0.06 0.05 0.04 0.05 4.30 1.61 2.97 0.72
Nb nd nd nd nd nd nd 0.15 0.43 nd 0.45 0.11 0.08 0.09 0.05 0.05 0.04 0.05 0.06 0.05 0.49 0.51 0.43 0.41 0.36 0.37 0.35 0.34 0.24 0.23 0.22 0.75 0.32 0.38 0.13
Ta nd nd nd nd nd 0.00 0.06 0.02 nd 0.02 0.01 nd nd nd nd nd nd nd nd 0.06 0.06 0.05 0.07 0.07 0.04 0.05 0.05 0.01 0.02 0.01 0.01 0.01 0.00 nd
La 0.15 0.14 0.13 0.05 0.04 0.04 5.62 0.58 0.10 0.52 1.01 1.07 0.94 0.69 0.90 0.71 0.16 0.15 0.19 11.0 11.0 11.2 10.9 16.3 3.32 3.34 3.36 1.50 1.54 1.14 9.75 13.0 9.35 6.27
Ce 0.87 0.87 0.81 0.67 0.74 0.69 9.21 1.47 0.54 1.51 1.63 1.72 1.57 1.61 1.76 1.71 1.02 1.03 1.02 27.3 27.7 27.7 26.8 37.8 6.70 6.65 6.88 2.54 2.73 1.86 19.9 21.3 17.3 7.59
Pb 0.09 0.10 0.10 0.06 0.07 0.07 0.28 0.11 nd 0.47 0.27 0.23 0.23 0.31 0.24 0.35 0.07 0.20 0.16 0.38 0.40 0.34 0.35 0.30 0.18 0.19 0.19 0.14 0.15 0.17 0.77 0.53 0.97 0.59
Sr 15.6 15.3 15.3 14.1 14.5 13.8 41.4 24.8 9.60 20.0 23.4 24.3 22.1 27.1 34.2 29.7 29.6 29.0 29.9 76.8 78.4 81.4 81.1 168.5 57.2 56.2 58.7 18.9 20.6 15.7 119.7 141.0 99.2 44.6
Pr 0.29 0.27 0.26 0.26 0.27 0.25 1.02 0.28 0.17 0.29 0.33 0.30 0.31 0.33 0.37 0.33 0.33 0.32 0.35 3.51 3.63 3.61 3.47 5.03 0.82 0.79 0.84 0.25 0.29 0.18 2.07 1.92 1.71 0.66
Nd 2.23 2.51 2.41 2.13 2.39 2.15 4.73 1.96 1.68 2.10 2.34 2.27 2.29 2.62 2.60 2.54 3.04 2.97 2.68 13.6 14.1 14.0 14.0 21.7 3.55 3.10 3.66 0.95 1.09 0.62 7.91 6.74 6.42 3.03
Hf 0.62 0.67 0.59 0.63 0.64 0.54 0.99 0.50 0.37 0.50 0.64 0.58 0.58 0.68 0.75 0.65 0.90 0.80 0.87 0.54 0.61 0.68 0.91 2.18 0.12 0.07 0.07 0.04 0.04 0.03 0.69 0.77 0.68 0.85
Zr 12.0 12.8 11.8 11.8 12.2 12.1 40.2 8.72 7.00 9.19 12.7 12.2 13.2 15.2 17.2 14.5 19.5 18.7 19.5 24.7 29.0 33.6 40.6 110.6 18.5 12.4 15.8 2.28 2.74 1.68 20.3 21.6 18.0 19.7
Sm 1.42 1.38 1.35 1.16 1.44 1.23 1.43 1.15 1.10 1.16 1.25 1.12 1.16 1.34 1.34 1.34 1.54 1.45 1.46 2.37 2.50 2.65 2.61 4.64 0.82 0.62 0.75 0.17 0.24 0.16 1.66 1.47 1.47 1.30
Eu 0.57 0.57 0.59 0.53 0.55 0.55 0.51 0.49 0.46 0.45 0.53 0.48 0.53 0.55 0.59 0.52 0.59 0.60 0.62 0.83 0.84 0.83 0.85 1.47 0.27 0.24 0.28 0.08 0.09 0.06 0.65 0.59 0.62 0.52
Gd 2.20 2.07 2.17 1.97 2.21 1.97 1.80 1.85 1.82 1.93 1.99 1.82 1.94 2.07 2.11 2.04 2.48 2.39 2.42 2.49 2.46 2.51 2.45 3.99 0.89 0.72 0.80 0.26 0.32 0.27 2.15 1.98 2.17 2.07
Tb 0.42 0.43 0.41 0.37 0.41 0.39 0.31 0.34 0.40 0.38 0.36 0.33 0.35 0.37 0.39 0.36 0.44 0.44 0.43 0.44 0.42 0.43 0.42 0.63 0.14 0.12 0.13 0.09 0.08 0.08 0.37 0.35 0.35 0.36
Ti 2706 2744 2706 2632 2819 2816 1471 2386 2247 2304 2338 1985 2394 2600 2702 2519 2805 2687 2776 1569 1509 1292 1270 1291 686.8 498.7 575.8 305.2 312.2 302.8 3251 1940 2310 1932
Dy 3.05 3.04 2.97 2.73 2.92 2.83 2.16 2.52 2.61 2.82 2.54 2.41 2.56 2.71 2.61 2.66 3.29 3.02 3.16 3.05 3.17 3.07 3.03 3.91 1.12 1.05 1.14 0.73 0.79 0.75 2.82 2.52 2.59 2.72
Ho 0.65 0.66 0.64 0.59 0.61 0.58 0.45 0.61 0.57 0.60 0.55 0.50 0.57 0.57 0.58 0.56 0.69 0.68 0.66 0.64 0.69 0.67 0.64 0.77 0.27 0.27 0.26 0.19 0.19 0.18 0.56 0.52 0.58 0.56
Y 16.6 17.0 16.6 15.1 16.6 15.7 12.1 14.6 15.8 15.4 14.4 13.4 14.4 14.8 15.1 14.5 17.7 17.2 17.2 16.2 16.5 16.2 15.8 18.8 7.12 6.87 6.98 5.33 5.19 5.22 15.6 14.4 14.8 14.8
Er 1.93 2.09 2.13 1.72 1.96 1.83 1.40 1.77 1.78 1.84 1.60 1.59 1.65 1.69 1.65 1.64 2.15 1.96 1.96 1.94 2.05 1.91 1.87 2.04 0.88 0.82 0.83 0.73 0.69 0.69 1.80 1.76 1.79 1.81
Tm 0.29 0.30 0.28 0.24 0.25 0.24 0.18 0.21 0.23 0.24 0.22 0.21 0.22 0.23 0.23 0.23 0.27 0.29 0.25 0.30 0.30 0.29 0.27 0.30 0.11 0.11 0.11 0.10 0.10 0.10 0.22 0.23 0.22 0.24
Yb 1.91 1.93 2.04 1.72 1.70 1.65 1.27 1.67 1.69 1.56 1.56 1.41 1.59 1.51 1.58 1.48 1.91 1.80 1.91 1.94 1.99 1.93 1.98 2.03 0.87 0.89 0.89 0.76 0.74 0.73 1.64 1.58 1.56 1.59
Lu 0.28 0.27 0.27 0.24 0.24 0.25 0.19 0.21 0.25 0.23 0.22 0.21 0.21 0.18 0.20 0.24 0.26 0.24 0.26 0.28 0.28 0.24 0.26 0.26 0.14 0.13 0.14 0.10 0.11 0.12 0.24 0.22 0.21 0.21
Sc 81.7 87.3 80.0 92.5 84.1 88.9 79.3 78.3 76.0 84.9 83.2 82.5 81.7 79.5 76.5 77.9 82.2 74.6 85.8 61.4 63.1 61.8 58.4 46.7 79.1 80.5 81.8 78.5 76.9 77.8 93.4 89.2 92.1 92.8
V 265.7 275.4 271.5 267.1 257.7 264.6 213.4 256.2 254.9 246.8 263.7 257.9 264.3 265.5 255.8 254.0 247.5 242.3 251.5 221.2 216.0 196.0 186.1 128.3 225.4 219.9 224.4 218.2 217.4 222.5 291.2 248.7 250.3 245.5
Cr 5120 5070 5223 4660 5170 4949 5932 4660 4712 3785 5655 4664 5768 6191 6094 5356 5866 6707 5546 5077 4431 4587 4278 4140 8405 6563 6831 5673 5477 6470 6648 6520 6162 6027
gg-5




Cpx core Cpx core
07-ss-a
Cpx core





Rb 0.84 0.08 nd 0.32
Th 0.28 0.04 0.03 0.12
U 0.09 0.03 0.03 0.04
Ba 0.22 0.05 0.03 4.21
Nb 0.03 nd nd 0.52
Ta nd nd nd 0.03
La 0.24 0.02 0.01 0.47
Ce 0.57 0.38 0.37 1.31
Pb 0.21 0.06 0.08 0.08
Sr 11.8 6.78 6.79 13.2
Pr 0.21 0.19 0.19 0.30
Nd 1.97 1.84 1.72 2.27
Hf 0.58 0.48 0.48 0.58
Zr 10.7 7.88 7.91 11.1
Sm 1.22 1.11 1.17 1.49
Eu 0.52 0.49 0.54 0.55
Gd 2.16 1.96 1.96 2.34
Tb 0.42 0.38 0.37 0.43
Ti 2718 2474 2517 2788
Dy 2.99 2.75 2.83 3.02
Ho 0.63 0.56 0.64 0.64
Y 16.9 15.4 15.6 16.7
Er 2.07 1.77 1.81 1.93
Tm 0.26 0.25 0.25 0.25
Yb 1.78 1.61 1.83 1.72
Lu 0.23 0.21 0.23 0.26
Sc 76.7 77.8 79.1 82.7
V 259.1 252.9 258.8 260.2
Cr 5531 5010 5175 4994
Phase
Cpx: clinopyroxene; nd: not detected
Appendix 7 (continued)
Cpx 
core
ss-18
Cpx core
